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ABSTRACT 

 

 A discrepancy between high plastic production rates and low recycling rates 

contributes to a ubiquitous plastic pollution problem. If this discrepancy persists, it is 

estimated that approximately 12 billion tons of plastics will accumulate in the 

environment by 2050. Although many countries have issued policies to limit the 

utilisation of single use plastics, the COVID-19 pandemic has increased demands for 

plastics and overwhelmed waste management systems. Thus, plastic pollution will 

persist, especially in marine environments where most mismanaged plastics accumulate. 

Plastics in the marine environment slowly disintegrate into microplastics (<5 mm) and 

adversely affect many animals when ingested. Thus, microplastics have recently been 

identified as an emerging contaminant of concern internationally, resulting in an 

exponential growth in the number of microplastic studies within the last decade. Studies 

in some ecologically important animals such as jellyfish, however, are preliminary. For 

example, jellyfish are claimed to ingest microplastics via trophic transfer and have been 

promoted as bioindicators for plastic pollution despite limited evidence. Moreover, 

although microplastics in the field are covered by biofilms, all jellyfish and microplastic 

experiments have used virgin microbeads that might underestimate ingestion rates. This 

thesis, therefore, tested three hypotheses: 1) that jellyfish would ingest microplastics and 

they would be adversely affected by microplastic ingestion (chapter 2), 2) that jellyfish 

would mainly accumulate microplastics via indirect ingestion (i.e. trophic transfer) and 

biofilms would promote ingestion rates (chapter 3), 3) that jellyfish would be useful 

bioindicators of microplastic pollution and treated wastewater would be a significant 

source of microplastics in an estuary (chapter 4). 
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 Medusae of Aurelia coerulea were exposed to 2,000 polystyrene microbeads L-1 

and determined numbers of microbeads ingested. In addition, impacts of microbead 

ingestion on respiration rates and histology of their gut tissues were assessed (Chapter 

2). No tissue damage was observed and respiration rates were unaffected by ingestion of 

microbeads. Importantly, the medusae ingested less than 0.2% of microbeads offered, 

egested microbeads within eight hours and stopped ingesting the microbeads after 16 

hours, suggesting that the medusae may recognise virgin microbeads as non-food items. 

I, therefore, exposed the medusae to microbeads with photosynthetic biofilms, 

microbeads with heterotrophic biofilms and virgin microbeads (Chapter 3). Medusae 

ingested more microbeads with photosynthetic biofilms than microbeads with 

heterotrophic biofilms or virgin microbeads. The results highlight that the use of aged 

microbeads in experiments is important as the ingestion rates may be underestimated if 

virgin microbeads are used. 

 Although jellyfish are claimed to acquire microbeads via trophic transfer, no 

studies had tested whether trophic transfer is a dominant pathway as jellyfish can also 

ingest microplastics directly from their surrounding water. Thus, I exposed ephyrae of 

Aurelia coerulea to aged microbeads (to test direct ingestion) and to Artemia nauplii fed 

aged microbeads (to test trophic transfer), and quantifued numbers of microbeads in the 

gastrovascular cavities (Chapter 3). I found that the ephyrae ingested 35 times more 

microbeads via trophic transfer than direct ingestion, suggesting that trophic transfer is 

the primary pathway by which jellyfish acquire microbeads. Furthermore, I investigated 

whether jellyfish in the field are susceptible to microplastic ingestion and whether 

jellyfish can be bioindicators of microplastic pollution. Water samples and medusae of 

Chrysaora cf pentostoma were collected nearby and distant from treated wastewater 

diffusers in two estuaries (the Gold Coast Broadwater and the Tweed River Estuary) that 
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receive contrasting amounts of wastewater, to test whether microplastics in the guts of 

medusae represented those in the environment (Chapter 4). Only 83% of the medusae 

sampled contained microplastics and types and colours of microplastics in the 

gastrovascular cavities of jellyfish differed to those in the surrounding water. Thus, 

medusae are not good bioindicators of microplastic pollution because not all medusae 

acquire microplastics and the microplastics they accumulated did not reflect those in their 

environment. I also tested whether the released treated wastewater would have significant 

effects on microplastic concentrations and compositions in the receiving waters of the 

estuaries as wastewater treatment plants are claimed to be one of the significant sources 

of microplastics. I found no significant difference between microplastic concentrations 

and compositions nearby and distant from wastewater releases in either estuary. Thus, 

treated wastewater had no detectable impacts on microplastic concentrations and 

compositions in the receiving waters. Results from both laboratory and field experiments 

(Chapter2; Chapter 3; Chapter 4) strongly indicated that jellyfish accumulate relativly 

small amounts of microplastics and are poor bioindicators for microplastic pollution.
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CHAPTER 1.  

INTRODUCTION 
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1. Plastic pollution 

1.1 What are plastics? 

Plastics have become indispensable items in our modern lives. Plastics are 

polymers produced from monomers of petrochemical products. They are synthesized to 

serve multiple purposes because of their versatility and durability (Zheng et al., 2005). 

They are utilized in various products from beads, ranging from 5 µm to 1 mm, in 

cosmetics  (Rochman et al., 2015) to gigantic airplanes (Marsh, 2007). Plastics can be 

divided into two main categories, thermoplastics or thermosoftening plastics, and 

thermoset or thermosetting plastics. Thermoplastics can be reshaped or remoulded 

without changing their physical properties (Yang et al., 2012) and, therefore, are easily 

recyclable. There are many types of plastics in this category such as polyethylene (PE), 

polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polyamide (PA, 

nylon) and polyvinylchloride (PVC) (Díaz et al., 2004). In contrast to thermoplastics, 

thermoset plastics cannot be reshaped or remoulded, and rising temperatures cause 

chemical breakdown (Alauddin et al., 1995). Thermoset plastics are often used in 

reinforcement or high temperature applications. The most commonly used types of  

thermoset plastics are Bakelite, epoxy and polyurethane (Choi et al., 2017; Vlachopoulos 

and Strutt, 2003). 

Campaigns launched by governments have increased public awareness about 

plastic uses (da Costa, 2021) and utilisation of some single-use plastics has been 

discouraged. Plastic production, however, has been increasing over the recent decades 

(Smeaton, 2021), with approximately 6.3 billion tons of mismanaged plastic waste 

accumulated in the environment (Geyer et al., 2017). An imbalance between the low 

recycling rates of plastics and high plastic production rates may result in approximately 

12 billion metric tons of plastic waste accumulating in the environment by 2050 (Geyer 
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et al., 2017). In addition, the COVID-19 pandemic has increased plastic production and 

overwhelmed plastic waste management systems, resulting in more plastic waste 

contaminating the environment (Vanapalli et al., 2020). For example, approximately 129 

billion face masks have been used monthly during the pandemic, and the mismanagement 

of these masks has resulted in them persisting in environments (Prata et al., 2020). If the 

current trend continues, 2.6 fold more plastics will be delivered to the oceans within 

decades (Lau et al., 2020), polluting marine environments and impacting various groups 

of marine organisms (Wayman and Niemann, 2021). 

Degradation of large plastics can take 500 - 1,000 years (Irimia-Vladu et al., 

2012). Therefore, the use of plastic as a stratigraphic indicator of the Anthropocene was 

proposed by Zalasiewicz et al. (2016).  Moreover, plastics emit the greenhouse gases 

methane and ethylene when exposed to ambient solar radiation during degradation (Royer 

et al., 2018). Increasing growth in plastic production might thus exacerbate global 

warming as methane has the potential to trap 30 times more heat than carbon dioxide 

(Neue, 1993). Moreover, the degradation of plastics contributes to microplastics.  

Microplastics refers to fragments of plastics ≤ 5 mm (Silva-Cavalcanti et al., 

2017). Some microplastics are intentionally manufactured as primary microplastics for 

use in cosmetics and facial cleansers (Cole et al., 2011). Secondary microplastics, 

however, result from the degradation of large plastics (Browne et al., 2007). 
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1.2 Plastics in the marine environment 

Plastics found in the oceans do not solely come from maritime activities 

(Ghayebzadeh et al., 2020; Jambeck et al., 2015). Terrestrial plastic waste can easily reach 

the ocean by inappropriate waste management and via rivers and beach use (Corcoran et 

al., 2009; Hammer et al., 2012). In addition, wastewater treatments plants are claimed to 

be a major source of microplastics in the marine environment (Kazour et al., 2019). 

Although treatment of wastewater can remove 64-99% of microplastics, depending on 

the type of the treatment plant (Habib et al., 2020), a single wastewater treatment plant 

could still discharge up to 460 million microplastic particles into the ocean daily 

(Ziajahromi et al., 2017).  

A minimum of 5.25 trillion particles of plastics were recently estimated to be 

floating in the Worlds’ oceans (Eriksen et al., 2014). Schmidt et al. (2017) estimated that 

only 10 rivers are responsible for delivering around 88-95% of all plastic waste to the 

ocean globally; the Yangtze, Yellow, Hai, Pearl, Amur, Mekong, Indus, Ganges Delta, 

Niger and Nile (Patel, 2018). The catchments of these rivers are heavily populated and 

population density is likely to strongly influence the amount of plastic pollution in a 

region (Lestari and Trihadiningrum, 2019; Ryan, 2013). Plastics exported from rivers can 

also be transported large distances by oceanic currents and accumulate in gyres to form 

vast patches of plastic pollution within marine environments. The largest patch of ocean 

plastic in the world is located between Hawaii and California and is called the Great 

Pacific Garbage Patch (GPGP). The estimated size of the patch is 1.6 million km2 

(Lebreton et al., 2018) and the amount of microplastics in the Great Pacific Garbage Patch 

in 2012 was estimated to be 100 fold higher than 40 years earlier (Goldstein et al., 2012).  

The amount of microplastics reported in the ocean varies depending on the 

sampling, identification and quantification methods (Hidalgo-Ruz et al., 2012). 
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Moreover, the concentrations may differ since microplastics are transported by rivers to 

estuaries and so concentrations in and near estuaries are generally higher than in ocean 

(Xu et al., 2020)where currents disperse plastic debris (Maximenko et al., 2012). 

Therefore, spatial variation in the concentration of plastics is large. For instance, the 

microplastic concentration in Stenungsund, Sweden is around 102,000 particles m-3 while 

the concentration is less than 500 particles m-3 in Björkö, Sweden (Noren, 2007). 

Moreover, the spatial variation in types of plastics in the aquatic environment is also large 

although polystyrene and polyethylene are commonly found in the marine environment 

(Jang et al., 2017; Reisser et al., 2013). Both of these plastics are commonly used in food-

contacted products. For instance, approximately 17 million tons of polyethylene are used 

in sandwich bags, carrier bags and cling wraps (Andrady and Neal, 2009), and 

polystyrene is often used in cups, disposable cutlery, bottles and tumblers (Martínez-

López et al., 2018). Moreover, some polymers such as PVC, PP and PET exhibit strong 

relationships with aquatic activities such as swimming and fishing.  

 

2. Microplastic ingestion by marine organisms 

2.1 Factors that affect microplastic ingestion 

More than 700 species of marine animals have been shown to ingest plastics or 

become entangled by them (Kühn and Van Franeker, 2020). Large plastics can cause 

obvious harm to marine animals. For instance,  plastics can become embedded within 

animals’ bodies (e.g. a plastic fork found in the nostril of a turtle) (Robinson et al., 2016) 

and abandoned plastic netting can entangle marine fauna, including mammals, turtles and 

fishes, which can lead to their asphyxiation or starvation and death (Gregory, 2009).  

Ingestion of microplastics has been reported globally in many groups of marine 

animals such as fishes (Nadal et al., 2016; Steer et al., 2017), mussels (Digka et al., 2018; 
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Li et al., 2019) and corals (Hall et al., 2015; La Beur et al., 2019). In laboratory 

experiments, microplastic ingestion has mostly been demonstrated by exposing animals 

to virgin microplastics and measuring their ingestion rates, retention time and egestion 

rates (Bour et al., 2020; Grigorakis et al., 2017; Setälä et al., 2016). Many factors, 

however, may affect microplastic ingestion such as the size and shape of the microplastics 

and the presence of biofilms. Indeed, mysid shrimps (Praunus sp.) ingested significantly 

more larger (100 - 200 µm) than smaller (< 90 µm) microplastics of acrylonitrile 

butadiene styrene (ABS) (Lehtiniemi et al., 2018). Grass shrimp (Palaemonetes pugio) 

also ingested more microplastic fragments than microbeads and ingested more 

mircrobeads than microfibers (Gray and Weinstein, 2017). The use of virgin 

microplastics in these experiments, however, may limit the translation of the results to 

the field as microplastics in the field are covered by biofilms, and biofilms themselves 

can potentially affect ingestion rates.  

Unlike virgin microplastics, microplastics in the ocean experience UV 

degradation, abrasion (Auta et al., 2017) and become colonised by biofilms (Rummel et 

al., 2017). Thus, the physical, chemical and biological properties of aged microplastics in 

the environment are very different to the virgin microplastics, which are often used in 

laboratory experiments. Aged microplastics more closely resemble natural particles in the 

ocean and may, therefore, be more likely to be mistaken as food (DeMott, 1988). 

Interestingly, the ingestion rates of polystyrene microspheres by copepods increased 

when the beads were aged (Vroom et al., 2017). Vroom et al. (2017) suggested that the 

biofilm on the microbeads’ surfaces might make them similar to natural food items. 

Indeed, DeMott (1988) claimed that algae on microbeads facilitated higher feeding rates 

by copepods compared to pristine beads. Studies to investigate whether different types of 

biofilms affect palatability of microplastics, however, are still lacking.  
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2.2 Microplastics within marine food webs 

Microplastics have been transferred across trophic levels (Wang et al., 2019a). 

Most studies have speculated, rather than demonstrated, that ingested microplastics could 

have been acquired via trophic transfer. Evidence for trophic transfer has been based on 

the similar composition of microplastics in both predators and their prey (del Carmen 

Alejo-Plata et al., 2019) or microplastics having been found in the digestive tracts of 

potential prey (Chagnon et al., 2018). Hence, claims that microplastics are transferred 

within marine food webs still need to be substantiated by more comprehensive 

experiments. In addition, although many laboratory-based studies have demonstrated the 

possibility of trophic transfer (Farrell and Nelson, 2013; Welden et al., 2018), only one 

study has measured whether trophic transfer was the main pathway of microplastic 

ingestion. That study exposed mysids (Neomysis spp.) that had been fed microbeads to a 

fish (Myoxocephalus brandti) and compared the amounts of microbeads the fish directly 

ingested from the surrounding water and indirectly ingested from the mysids (Hasegawa 

and Nakaoka, 2021). They found that Myoxocephalus brandti ingested 3-11 times more 

microbeads via trophic transfer than by direct ingestion from the surrounding water. The 

study, however, used virgin microbeads and concentrations of microbeads that were more 

than 10 times those found in the environment. Hence, more studies to explore whether 

other groups of marine animals primarily ingest microplastics directly from the 

surrounding water or indirectly via trophic transfer using aged microbeads and 

environmentally relevant concentrations are needed. 
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3. Responses of marine organisms to microplastic stressors 

3.1 Effects of ingesting virgin microplastics 

 Microplastic ingestion has variable effects on marine organisms. Sometimes, no 

adverse effects are detected. For instance, virgin microplastics from various types of 

polymers (high molecular weight polyvinyl chloride, polyamide, ultra-high molecular 

weight  polyethylene, polystyrene, average molecular weight medium density 

polyethylene and low molecular weight polyvinyl chloride) caused no harm to the 

gastrointestinal tract, liver, pancreas, spleen, and mesentery tissues of the fish Sparus 

aurata after 45 hours exposure (Jovanović et al., 2018). In addition, some species of 

animal, e.g. the krill Euphausia superba, might not be affected by microplastic ingestion 

since they can digest microplastics (Dawson et al., 2018). Many studies, however, have 

reported adverse effects of microplastics such as reduced carbon biomass and decreased 

fecundity (Cole et al., 2015; Lee et al., 2013), reduced feeding rates (Murphy and Quinn, 

2018), histological alteration (e.g. formation of granulocytomas (Von Moos et al., 2012), 

deformation of intestinal epithelia (Wang et al., 2019b) and lesions of gut tissues (Ahrendt 

et al., 2020). 

 Ingestion of aged microplasitcs may have more adverse effects than virgin 

microplastics because harmful pathogens like Vibrio spp. were recently found on 

microplastics (Kirstein et al., 2016). Moreover, microplastics accumulate chemicals from 

surrounding environment (Mato et al., 2001) and biofilms can enhance the sorption of 

chemicals on to microplastics (Richard et al., 2019; Rochman et al., 2014). Effects of 

ingesting aged microplastics, however, vary among organisms. For example, aged 

polystyrene microbeads did not affect the survival of zooplankton (Vroom et al., 2017) 

and aged polyethylene microplastics that were incubated in the effluent of a wastewater 

treatment plant for three weeks did not increase toxicity to daphnids and zebrafish 
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compared with the primary microplastics of the same polymer (Kokalj et al., 2019). 

Ingestion of aged microplastics, however, decreased head and body length and swimming 

speed and induced DNA strand breaks in Japanese medaka fish Oryzias latipes (Pannetier 

et al., 2019). 

 

4. Jellyfish and plastics 

4.1 General biology of jellyfish 

 In this thesis, the term “jellyfish” refers to cnidarian species that have a medusa 

stage in their life cycles (medusozoa) including members of the classes Hydrozoa, 

Scyphozoa, Cubozoa and Staurozoa. Their life cycles generally comprise pelagic and 

benthic stages and sexual and asexual modes of reproduction (Fig. 1). Eggs are produced 

by medusae and after fertilisation (which may be internal or external depending on the 

species) develop into free-swimming planula larvae which then settle on hard surfaces 

such as woods, rocks and plastics (Hoover and Purcell, 2008). After settlement, the 

planulae metamorphose into scyphistomae (polyps that are generally <2mm tall), which 

can reproduce asexually by numerous mechanisms such as budding and lateral fission, 

before metamorphosing into strobilae which then produce free-swimming ephyrae (Lucas 

et al., 2012). The ephyrae finally develop into medusae which produce one or more 

ephyrae (juvenile medusae) by lateral fission.  

 Most jellyfish lack complex (image forming) eyes (Picciani et al., 2018) but some 

cubozoan jellyfish are active hunters and use their sophisticated eyes to hunt for food 

(Garm et al., 2016; Seymour and O’Hara, 2020). Jellyfish capture their prey such as 

zooplankton and ichthyoplankton (Titelman and Hansson, 2006) using nematocysts 

(stinging cells) on their tentacles which deliver various types of toxin such as cardiotoxin 

(Saggiomo and Seymour, 2012) and neurotoxin (Sánchez-Rodríguez et al., 2006). Food 



10 
 

is transferred via a manubrium into the gastrovascular cavity where digestion occurs. 

 Some medusae detect and select prey using chemosensors. For example, the moon 

jellyfish Aurelia aurita was observed to reject “a non-food item” using chemoreceptors 

on its oral arms to “taste” whether the captured particles were food (Archdale and Anraku, 

2005; Archdale et al., 2002). While food was transferred to the manubrium, non-food 

items were rejected by the oral arms (Fig. 2), suggesting the ability to differentiate 

between food and non-food particles by the jellyfish (Archdale et al., 2002). Microplastics 

in the field, however, are covered with biofilms (Rummel et al., 2017). The jellyfish, 

therefore, might mistake aged microplastics for food items.
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Figure 2 A non-food item (red sphere) is rejected at oral arms of Aurelia sp. (adapted from 

Hale (1999))  
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4.2 Jellyfish and their connections to other organisms  

Jellyfish are ubiquitous in the ocean and often attain enormous biomasses (Lucas et 

al., 2014). Jellyfish benefit humans and ecosystems in numerous ways. For instance, they are 

commercially harvested for human consumption, predominantly in Asia (Hsieh et al., 2001) 

and the green fluorescent protein (GFP), an important biomedical compound that has led to 

more than 5,600 publications in medical and scientific fields, was first discovered in a 

jellyfish (Zimmer, 2009). Jellyfish are also prey for various animals such as penguins 

(Thiebot et al., 2016; Thiebot et al., 2017), fish (Arkhipkin and Laptikhovsky, 2013; Cardona 

et al., 2012; Milisenda et al., 2014), crabs (Sweetman et al., 2014) and sea turtles (Carman et 

al., 2014; Houghton et al., 2006).  

Some species of jellyfish adversely affect human wellbeing. For example, fishers 

reported that the sea nettle Chrysaora fuscescens and moon jellyfish Aurelia labiate clog 

their fish nets, which reduces survival of their catch and shortens the time they can fish 

because time needs to be spent moving to locations to avoid jellyfish blooms in the northern 

California Current (Conley and Sutherland, 2015). Moreover, envenomation by cubozoan 

jellyfish can be lethal to human (Thaikruea et al., 2015). Not all species of jellyfish, however, 

are dangerous (Sucharitakul et al., 2019) or form blooms. Thus, the perceptions that jellyfish 

are nuisance species should not be generalised to the whole jellyfish community. 
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4.3 Anthropogenic stressors and jellyfish  

Jellyfish have been claimed to be robust to anthropogenic stressors (Richardson et al., 

2009) and potentially to thrive in perturbed environments despite limited supporting evidence 

(Pitt et al., 2018). Moreover, species often used in experiments (e.g. Aurelia spp. and 

Cassiopea spp.) are those that are easy to culture in a laboratory, and that may be naturally 

resilient to environmental stressors (Costa et al., 2015; Klein et al., 2016; Olguin‐Jacobson 

et al., 2020; Treible et al., 2018). In addition, some reviews speculated that anthropogenic 

activities lead to the proliferation of jellyfish but these are mostly based on correlative studies 

(Purcell, 2012; Richardson et al., 2009). Thus, the perception that jellyfish will thrive in 

perturbed environments may be biased. Indeed, there are many anthropogenic stressors that 

have been claimed to benefit jellyfish such as overfishing (Lynam et al., 2011), artificial 

structures (which may provide habitat for benthic polyps) (Dong et al., 2018; Duarte et al., 

2013; Miyake et al., 2002), hypoxia (Purcell et al., 2007) and rising ocean temperature 

(Purcell, 2012). Only some claims, however, have been experimentally tested and only some 

jellyfish species benefit from anthropogenic stressors. For example, Miller and Graham 

(2012) found that hypoxia promoted settlement of moon jellyfish planulae (Aurelia sp.) and 

did not affect survival of the polyps. Moreover, rising temperature promotes strobilation in 

moon jellyfish Aurelia aurita (Treible and Condon, 2019) (but see Loveridge et al. (2021)) 

while it has limited effects on the Pacific sea nettle Chrysaora fuscescens (Treible and 

Condon, 2019). Thus, rigorous experiments are needed to test how jellyfish respond to 

anthropogenic stressors, especially an emerging contaminant of concern recognised 

internationally such as microplastics (GESAMP, 2016). 

 



15 
 

4.4 Plastic pollution and jellyfish 

Jellyfish are susceptible to capturing plastics in marine environments as they are filter 

feeders and have high clearance rates (Titelman and Hansson, 2006). Indeed, field 

observations found both microplastics (<5mm) (Table 1) and macroplastics (>5mm) (Macali 

et al., 2018) in the guts of jellyfish. Field studies on microplastic ingestion by jellyfish, 

however, are preliminary. For example, Rapp et al. (2021) claimed that 97% of the jellyfish 

Pelagia noctiluca collected from Canary Island contained microplastics. Particles in only 

30% of the jellyfish, however, were confirmed to be “plastics” using micro Fourier 

Transform Infrared Spectroscopy (μFTIR). In addition, Sun et al. (2017) found that half (47-

49%) of jellyfish medusae from the South China Sea had ingested microplastics, mostly 

fibrous polyester microplastics averaging around 110-160 µm, but the species of medusae 

were not identified. Moreover, Iliff et al. (2020) reported about 70% of the “upside-down” 

jellyfish Cassiopea xamachana sampled from Florida contained microplastics, but they could 

not confirm whether the microplastics were in the guts of medusae as the whole medusae 

were digested. Studies that identify all microplastics extracted from the gut of known species 

of jellyfish are needed to reliably confirm ingestion of microplastics by jellyfish. 

Based on limited observations (Table 1), jellyfish have been proposed as 

bioindicators for marine plastic pollution but such conclusions are premature because no 

studies have compared microplastics sampled in the surrounding water and those present in 

the gut of jellyfish (Albano et al., 2021; Iliff et al., 2020; Macali and Bergami, 2020). Indeed, 

a bioindicator species should reflect the conditions of the environment in which it resides 

(Markert et al., 2003). Thus, whether microplastics ingested by those jellyfish were 
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representative of those in the surrounding water was unknown. Claims that jellyfish are 

bioindicators for plastic pollution, therefore, are premature.  

Jellyfish can ingest microbeads directly (Costa et al., 2020a) and indirectly via trophic 

transfer (Costa et al., 2020b) in laboratory experiments. Direct ingestion of microbeads 

caused immobility in the ephyrae of Aurelia sp. but they fully recovered within 0.5 h after 

being transferred to uncontaminated water (Costa et al., 2020a). In contrast, microbeads 

ingested via trophic transfer did not affect the mobility or pulsation rates of Aurelia sp. 

ephyrae (Costa et al., 2020b). Neither study, however, quantified numbers of microbeads 

ingested and both studies used virgin microbeads in their experiment. Thus, it is necessary 

that studies to measure ingestion and egestion rates of both virgin and aged microbeads be 

conducted. Moreover, although Costa et al. (2020b) revealed that microbeads can be 

transferred between the copepod Tigriopus fulvus copepod and the jellyfish Aurelia sp. via 

trophic transfer, they did not determine whether direct or indirect ingestion was the main 

pathway by which jellyfish acquired microplastics. A study, therefore, to determine the 

dominant pathway of microbead ingestion by jellyfish is needed. 
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Table 1 Field observations on microplastic ingestions by jellyfish 

Species of jellyfish 

Geographical 

location 

% of individuals that 

contained microplastics 

Identification of microplastic polymers Reference 

Unidentified 

The northern 

South China Sea 

34% and 47% 

100% from 10 individuals from each 

site 

(Sun et al., 2017) 

Cassiopea xamachana 

Estuaries in 

Florida, USA 

77% 

11 pieces of microplastics were 

randomly chosen from each site 

(Iliff et al., 2020) 

Pelagia noctiluca 

Northern Atlantic 

Ocean 

97% 30% of the medusae (Rapp et al., 2021) 

Pelagia noctiluca 

Strait of 

Messina, Italy 

7% - 40% 0% 

(Albano et al., 

2021) 

Crambionella orsini 

Kenyan coast, 

Kenya 

Unknown as the 

authors pooled the 

jellyfish from each site 

0% (Awuor et al., 2021) 



18 
 

 

Thesis overview and objectives 

The main objectives of this thesis were to investigate sources, effects and trophic 

transfer of microplastics in jellyfish and to evaluate the use of jellyfish as bioindicators of 

microplastic pollution. Each research chapter within this thesis aimed to: 

 

1. Determine whether jellyfish are susceptible to ingesting microplastics, the effects 

of microplastic ingestion on jellyfish and to measure rates at which microplastics 

are egested by medusae (chapter 2). 

 

2. To evaluate whether jellyfish mainly ingest microplastics via direct ingestion or 

indirect ingestion (i.e. trophic transfer) and whether biofilms affect ingestion rates 

(chapter 3). 

 

 

3. To determine whether jellyfish are useful bioindicators of microplastic pollution 

and whether treated wastewater was a significant source of microplastics in an 

estuary (chapter 4). 
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“jellyfish” ingested microplastics but the species of medusae were not
identified. In addition, Macali et al. (2018) reported macroplastics in
the gastrovascular cavity of the semaestome jellyfish Pelagia noctiluca
and hypothesised that jellyfish could facilitate the transfer of plastics to
higher trophic levels. Recently, Costa et al. (2020) measured how newly
liberated ephyrae of the moon jellyfish, Aurelia sp. responded when
exposed to polyethylene microbeads at a range of concentrations
(0.01–10 mg/L). The ephyrae ingested microbeads and experienced
reduced pulsation rates and mobility even at the lowest concentration
of microbeads (0.01 mg/L). All microbeads, however, detached from
the ephyrae within 72 h and ephyrae fully recovered when transferred
to uncontaminated seawater

Aurelia sp. is widely distributed in the world's oceans (Lucas, 2001)
and frequently form spectacular blooms (Dong, 2019). Medusae of
Aurelia aurita tend to feed on small, non-swimming prey (Graham and
Kroutil, 2001) and have high clearance rates (Riisgård and Madsen,
2011), and so are likely to capture and potentially ingest large amounts
of microplastics. A study, therefore, to assess the effects of microplastic
ingestion on the medusae stage is needed. Since the gastroderm of
jellyfish is very thin (one cell thick), the digestive tracts of jellyfish may
be particularly susceptible to abrasion and injury from microplastics,
which may, in turn, affect their physiology and overall fitness.

Here we determined rates of ingestion and egestion of polystyrene
microbeads by A. aurita medusae and measured their physiological
(respiration rate) and physical (histopathology) effects on the jellyfish.
We hypothesised that ingestion of microbeads would increase respira-
tion rates of the jellyfish and cause physical damage to their gastro-
dermal tissue.

2. Materials and methods

Eighty-four medusae (mean size ~3.5 cm ± 0.5 bell diameter) of
the moon jellyfish Aurelia aurita were obtained from the commercial
aquarium Underwater World, Sunshine Coast, Queensland. The me-
dusae were acclimatised to laboratory conditions for seven days. During
acclimation, medusae were maintained in a 50 L kreisel tank, and fed
10 ml of Artemia nauplii (~30 individual ml−1) three times daily. Prior
to all experiments, medusae were starved for 4 h to ensure their guts
were evacuated (Martinussen and Båmstedt, 1999). Experiments were
performed using “bubble” kreisels that were 30 cm diameter, 10 cm
wide and contained 7 L of seawater. Air was gently introduced into the
side of each kreisel creating bubbles that ran upwards along the inside
of the kreisels' curved walls and exited at the top, thereby creating a
circular flow that entrained medusae in the middle of the tank. We
confirmed that the flow within the bubble kreisels also maintained the
fluorescent microplastic particles in suspension by observing their dis-
tribution under UV light during preliminary trials. Since the bubble
kreisels lacked filters, microplastics were retained within the system.
The water temperature for all experiments was 21 °C.

2.1. Determination of microbead capture and ingestion

Fluorescent polystyrene (PS) microbeads (100 μm) were purchased
from Tianjin BaseLine ChromTech Research Centre (Tianjin, China).
Medusae were placed individually into 12 bubble kreisels with mi-
crobeads (2000 particle L−1). Two jellyfish were randomly sampled
after 1, 2, 4, 8, 16 and 32 h and preserved in 4% v/v formaldehyde.
Formaldehyde is commonly used to preserve medusae for gut content
analyses (e.g. Hansson, 2006) and has been used to preserve animals for
studies of microplastic ingestion (Sun et al., 2017). The position and
numbers of fluorescent microbeads attached to the external (exum-
brella, tentacles, oral arm, manubrium and sub-umbrella) and internal
structures (stomach, gastric pouch and radial canal) were observed
using a stereomicroscope and UV illumination. Due to the limited
number of bubble kreisels available (twelve total), the experiment was
repeated three times for a total of six replicates per time point.

2.2. Determination of microbead egestion rates

The ingestion experiment showed that microbeads were ingested
(i.e. taken into the manubrium) within one hour of medusa being ex-
posed to microbeads. To measure egestion rates, we exposed 12 me-
dusae to microbeads at a concentration of 2000 particles L−1 for 1 h in
individual bubble kreisels as per the ingestion rate experiment. Each
medusa was then transferred to an individual standard 50 L kreisel. The
standard kreisels were fitted with 1 μm felt filter, which collected any
microbeads egested by medusae and prevented their reingestion. Two
medusae were harvested 0, 1, 2, 4, 6 and 8 h after being placed in the
standard kreisels and preserved in 10% formalin. The numbers of mi-
croplastics associated with internal and external structures were
counted microscopically as described for the ingestion experiment. The
experiment was repeated three times, resulting in six replicate medusae
being measured for each time point.

2.3. Effects of microbead ingestion on histology

To determine whether microbeads abraded the gut walls of me-
dusae, the gut tissue from three medusae collected at the 16 h time
point in the ingestion experiment that had been exposed to microbeads
and three medusae from the control treatment (i.e. not exposed to
microbeads) were dissected and processed using a standard histological
protocol (Kunluang et al., 2019). The gut tissues were embedded in
paraffin wax and sectioned to 5 μm using a microtome. Slides were
stained with 0.6% haematoxylin and counterstained with 0.25% Eosin
Y. The stained sections were examined under a compound microscope
for evidence of abrasion or other damage caused by the microbeads.

2.4. Effects of microbead ingestion on respiration rates

Six medusae were randomly assigned to two treatments: 1) a control
(medusae were maintained in filtered seawater without microbeads)
and 2) microbeads (2000 particles L−1) in separate bubble kreisels and
exposed to their respective treatment for 16 h. Following exposure the
individual medusae were transferred into 0.4 L glass respiration
chambers filled with oxygen saturated filtered seawater, which had a
FireStingO2 optical oxygen sensor spot attached to their inner wall. An
additional three chambers containing only aerated filtered seawater
served to determine the oxygen consumption of microorganisms in the
water used for incubations. All chambers were sealed using watch
glasses, taking care not to trap any air bubbles, and chambers were
incubated for eight hours in the dark (covered by black plastic sheeting)
at 21 °C. Oxygen concentrations were measured using a FireStingO2
optical oxygen sensor spot at hourly intervals throughout the incuba-
tions. At the end of the incubation, the medusae were removed and
their weights and bell diameters were measured. The experiment was
repeated on two consecutive days to give a total of six replicates per
treatment.

Respiration rates were calculated as the slope of the linear regres-
sion between oxygen concentrations and time. Rates for individual
medusae were corrected for the oxygen consumption of the incubation
water and standardised per Kg wet weight using the measured weight of
the incubated individual medusa.

2.5. Statistical analyses

A Poisson generalised linear model analysis was carried out to in-
vestigate whether time (h) could predict trends in the amount of mi-
crobeads in each compartment of the jellyfish for both ingestion and
egestion rates. Respiration rates were compared between treatments
(control and microbead exposed) using independent t-tests. The as-
sumptions of normality and homoscedasticity were tested using QQ
plots and Levene's tests, respectively.
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3. Results

3.1. Ingestion experiment

Microbeads were observed associated with all structures of the jel-
lyfish during the experiment (Fig. 1). Most microbeads were observed
on the oral arms, exumbrella and tentacles within 1–2 h of initial ex-
posure. Microbeads were also ingested (i.e. appeared within the man-
ubrium and gastric pouches) within 1–2 h of exposure, and the max-
imum number of microbeads within gastric pouches occurred at 16 h
(Mean number of microbeads = 2 ± 1.61 particles). With the ex-
ception of one microbead on the oral arms of a single medusa, no mi-
crobeads remained on or in the jellyfish after 32 h (Fig. 2). Numbers of
microbeads on the exumbrella, tentacles and oral arms significantly
decreased over time (p < .05). Approximately 0.8 times less beads
were expelled at every time point in those structures (Table 1). The
gastric pouches were the only structure that appeared to accumulate
microbeads, but this trend was not significant (Fig. 2; Table 1).

3.2. Egestion rates

As observed in the ingestion experiment, the capture efficiency of
microbeads by the medusae was low. Microbeads were associated with
all structures, except gastric structures, after 1 h initial exposure to
microbeads. Most microbeads were found on the exumbrella and

tentacles and occurred on these structures throughout the experiment.
Not all the captured microbeads were transferred to gastric pouches, as
the maximum number of microbeads in the gastric pouches was only
~50% of the peak number captured by the tentacles. Microbeads were
absent from the gastric structures within 8 h (Fig. 3). Gut residence time
was estimated as 6 h based on the time between first appearance and
last detection of microbeads. The numbers of microbeads associated
with individual jellyfish structures tended to decrease over time, but
significant relationships between time and numbers of microbeads per
structure were found only for the exumbrella, tentacles and oral arms
(Table 2).

3.3. Effects of microplastic ingestion on respiration rates and histopathology

Respiration rates of medusae exposed to microbeads and control
medusae were not significantly different (198.13 ± 10.27 mg h−1 kg−1;
p = .214). Moreover, gastric cirri that had been exposed to microbeads
showed no sign of any physical damage and were indistinguishable from
those of the controls, indicating microbeads did not abrade or damage the
gastric cirri (Fig. 4).

4. Discussion

Aurelia sp. medusae had a very poor capture efficiency for mi-
crobeads. They ingested only small numbers of the captured

Fig. 1. Fluorescent polystyrene microbeads (red arrows) attached to (a) exumbrella, (b) subumbrella next to gastrovascular canals (black arrow), (c) tentacles, (d)
oral arms (black arrow), (e) manubrium, and (f) a gastric pouch of Aurelia aurita. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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microbeads, and microbeads were not retained in the digestive tract
and were egested within 8 h of consumption. Moreover, our hypotheses
that the ingestion of microbeads would increase respiration rates of the
jellyfish and abrade their gastrodermal tissue were not supported and
no physiological or physical effects on A. auritamedusae were detected.

The most microbeads found associated with the tissues of an in-
dividual medusa at any time point in the ingestion experiment was 33
particles, which was 0.23% of the microbeads available in the bubble
kreisel and only 10 of those microbeads were fully ingested (i.e. taken
into the gastric pouch). Aurelia sp. medusae have high clearance rates
when feeding on zooplankton. For example, medusae of Aurelia aurita
(32.8 ± 3.1 mm) ingested Artemia salina nauplii at a rate of 34 prey
h−1 when the prey was present at a concentration of 10 nauplii L−1

(Riisgård and Madsen, 2011). Whereas, after a one-hour exposure, no
microbeads were observed in the gastric pouches and only ~2 mi-
crobeads were captured by tentacles. Capture rates of microbeads were,

therefore, more than an order of magnitude lower than that of Artemia
nauplii despite the microbead concentration being 200-fold greater,
indicating that medusae were highly inefficient at capturing mi-
crobeads. In contrast to our results, Costa et al. (2020) reported that
newly liberated ephyrae of Aurelia sp. ingest many 1–4 μm diameter
polyethylene microbeads, although the actual amount of microbeads
ingested by ephyrae was not reported.

Several mechanisms may contribute to the low capture and inges-
tion rates of microbeads by the medusae in our experiment. Firstly, the
hard and smooth surface of the microbeads may prevent nematocysts
from penetrating the beads, thus preventing them from being easily
captured and transported into the gut. Arguably, Aurelia sp. medusae
(mean size = 34 ± 4.3 mm) prey on both soft and hard-bodied or-
ganisms (Sullivan et al., 1994) and they feed on food ranging in size
from 20 to 1500 μm (Olesen, 1995). Thus, the surface and the size of
microplastics should not greatly affect the capture efficiency. Secondly,

Fig. 2. Mean (± SE) number of microbeads associated with each structure of the medusa at each time point in the ingestion experiment.

Table 1
Parameter estimates table of microbead ingestion indicated that time sig-
nificantly predicted trends of decreasing in numbers of microbeads on exum-
brella, tentacles and oral arms (p < .05).

Dependent variable B Std. Error df Sig EXP (B)

Exumbrella −0.128 0.0346 1 0.000 0.880
Sub-umbrella −0.088 0.0520 1 0.091 0.916
Tentacles −0.165 0.0517 1 0.001 0.848
Oral arms −0.165 0.0332 1 0.000 0.848
Manubrium −0.267 0.1365 1 0.050 0.766
Gastric pouch 0.029 0.0217 1 0.182 1.029

Fig. 3. Mean (± SE) number of microbeads associated with each structure of the medusa at each time point in the egestion experiment.

Table 2
Parameter estimates table of microbead egestion showing significant trends of
decreasing in numbers of microbeads through time on exumbrella, tentacles
and oral arms (p < .05).

Dependent variable B Std. Error df Sig EXP (B)

Exumbrella −0.204 0.0617 1 0.001 0.815
Sub-umbrella −0.139 0.1065 1 0.191 0.870
Tentacles −0.393 0.0735 1 0.000 0.675
Oral arms −0.133 0.0619 1 0.031 0.875
Manubrium −0.301 0.2031 1 0.138 0.740
Gastric pouch 0.141 0.0734 1 0.054 1.152
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Aurelia sp. have chemoreceptors on their oral arms that may enable
them to distinguish between edible and inedible particles (Albert,
2011). Moreover, medusozoans can process and respond to their en-
vironment. For example, cubozoans recognise coloured obstacles and
can visually navigate to avoid them (Garm et al., 2007; Petie et al.,
2011), and some medusae even show one of the simplest forms of
learning (Johnson and Wuensch, 1994; Piscopo, 2009) using their
simple neurons to perform complex reactions to stimuli (Katsuki and
Greenspan, 2013). They, therefore, may avoid capturing and ingesting
microbeads by recognising them as non-food items and, through
“learning”, become more efficient at rejecting microbeads over time.
Indeed, Aurelia aurita have a preference for natural food items over
artificial ones and can reject artificial items shortly after capture by the
oral arms (Archdale and Anraku, 2005). The medusae in the current
study, therefore, may not have ingested the large numbers of mi-
crobeads as they were able to recognise microbeads as non-food items
and reject them after capture and prior to ingestion. There is also evi-
dence that the medusae became more efficient at recognising and re-
jecting microbeads over the course of the ingestion experiment, as the
number of microbeads associated with the medusa decreased over time,
despite the concentration of microbeads being constant, and at the end
of the experiment no microbeads, apart from one on the oral arms of a
single individual, were found associated with the medusae.

The medusae egested all pristine microbeads after eight hours in the
egestion rate experiment. Kaposi et al. (2014) similarly found that the
sea urchin Tripneustes gratilla egested all polyethylene microbeads
within 7 h and that ingesting microbeads had no effect on the sea
urchins' survival. Difference in the retention time of microbeads be-
tween the ingestion experiment (which showed all microbeads were
absent after 32 h) and the egestion experiment (which showed they
were egested within 8 h) reflect the different experimental approaches
utilised. Specifically, the ingestion experiment was conducted in a re-
circulating system at a constant microbead concentration that allowed
medusae to capture and ingest microbeads throughout incubation
period. In contrast, for the egestion experiment, following a one hour
exposure to microbeads, medusae were transferred to individual krei-
sels without microbeads, which were fitted with filters to remove
egested microbeads, so that the fate of microbeads captured during the

initial one incubation could be followed. Therefore, the shorter reten-
tion period in the egestion experiment represents the gut passage time,
whereas the longer period in the ingestion experiment represents the
balance of microbead ingestion and egestion.

The distribution of microbeads on the jellyfish after one hour ex-
posure in the ingestion rate experiment should have approximated
those at time 0 (1 h after initial exposure) in the egestion rate experi-
ment. We found the distribution and abundance of microbeads was
similar for all structures except the oral arms (Figs. 2 and 3), where a
disproportionate amount of microbeads occurred in the ingestion rate
experiment. This observation (and its large amount of variability) was
caused by one outlier medusa that had 16 microbeads on its oral arms.
Given that trends were similar in five of the six structures we studied,
we argue that our methodology was highly consistent.

The egestion of microbeads could be a part of the natural excretion
processes of medusae. In jellyfish, ingested food particles may be ex-
creted differently depending on the nature of the ingested food items,
and can be measured by the amount of time the meduase spend di-
gesting the food (from ingestion to excretion). For example, Ishii and
Tanaka (2001) measured the time Aurelia aurita medusae used to digest
copepods. They reported that the carapaces were destroyed within
45 min before being egested as faeces within 15 min after that. The time
spent from ingestion to egestion, therefore, was< 1 h. In contrast,
when exposed to Acartia tonsa, the medusae spent up to>2 h digesting
the animal before egesting their carapaces (FitzGeorge-Balfour et al.,
2013). Microplastic retention times, however, are relatively longer.
Costa et al. (2020) determined that Aurelia sp. ephyrae retained poly-
ethylene microbeads for up to 72 h, while our study found that the
medusae retained polystyrene microbeads for up to 8 h before egestion.
No study, however, has reported a digestion time for natural food items
as long as 8 h. Therefore, although microbeads excretion may be a part
of the natural food excretion process, the time spent to egest mi-
crobeads is unnaturally long.

Instead of being egested, it is possible that microbeads were di-
gested by the medusae. Indeed, the bacteria Achromobacter and Kocuria
spp. which can biodegrade plastics (Harshvardhan and Jha, 2013;
Kowalczyk et al., 2016), were recently found in the gastrovascular
cavity of A. aurita in the northern Adriatic Sea (Kramar et al., 2018).

Fig. 4. Comparison of the histological sections be-
tween a medusa from the unexposed control group
and microbead exposed experimental group. (a) mi-
crobeads (MB) attached on gastric cirri (red arrow)
of an exposed medusae. (b) Cross section of gastric
cirri from a control medusa showing normal epithe-
lium (c) Cross section gastric cirri from a medusa
exposed to microbeads (red circle) showing similar
unaffected epithelium compared to the control
group. (d) magnification of red circled area in image
(c) the boundary of the gastric cirri cells were reg-
ular, with goblet cells scattered among columnar
epithelial cells, indicating no tissue abrasion. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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The time taken for the bacteria to degrade only 10% of high-density
polyethylene (HDPE) film, however, exceeded 150 days. Thus, it is
highly unlikely that the medusae in the current experiment digested the
microbeads. Krill have recently been observed to fragment micro-
plastics into nanoplastics through mastication (Dawson et al., 2018) but
since medusae lack mandibles this is also unlikely. Hence, the efficient
rejection of microbeads from the gut of the medusae seems the most
likely explanation of their short residence time in the gastric pouches.

4.1. Impacts of microbeads ingestion on gut tissues and respiration rates

The microbeads ingested by the medusae did not appear to abrade
or damage the epithelium of the digestive cavity of the medusae.
Similarly, no tissue damage was observed in ephyrae of Aurelia sp. that
had ingested microplastics, even though microplastic ingestion in-
hibited pulsation and mobility of ephyrae (Costa et al., 2020). These
observations are consistent with those of Jovanović et al. (2018) who
found no evidence of tissue damage in the gut of the fish Sparus aurata
after they were fed a similar microplastic (i.e. virgin polystyrene) but
contrast with the observations of Paul-Pont et al. (2016) who found that
PS microbeads caused histopathological lesions and abnormalities in
gastric tissues and digestive glands of mussels Mytilus spp. The smooth
uniform surfaces of primary microplastics and, particularly, mi-
crobeads, may cause little damage to tissues as they pass through the
gut. Secondary microplastics, however, that result from the fragmen-
tation of larger plastic particles, may pose a greater risk of harm since
they have jagged edges (Isobe, 2016) and rough surfaces that may pe-
netrate, abrade and/or adhere to the tissue and cause damage. The size
of microbeads may also influence their impacts and their ability to be
egested, with smaller particles being more difficult to egest (Jeong
et al., 2016). Moreover, very small particles (e.g. nanoparticles) may
have greater impacts than larger ones because they can interfere with
cellular metabolism and may be cytotoxic (Fröhlich et al., 2010).
Chithrani et al. (2006) also claimed that the amount of cellular uptake
of small nanoparticles was higher compared to the larger particles. The
diameter of the microbeads used in this study exceeded the thickness of
the gastric cirri's tissue, which may have prevented them penetrating
and becoming embedded in the tissue (Paul-Pont et al., 2016; Von Moos
et al., 2012). Further studies to examine the effects of microplastic size
and shape on the medusae are, therefore, needed.

Ingestion of microbeads did not affect respiration rates, indicating
that microbeads did not cause physiological stress. Microplastics,
however, influenced respiration rates in other invertebrates and the
type of polymer the microplastic is made from may affect the respira-
tion rate results. For instance, oysters (Ostrea edulis) exposed to poly-
lactic acid (PLA) had higher respiration rates than those exposed to
HDPE (Green, 2016). The HDPE particles, however, were larger than
the PLA particles which may have influenced this result (Lee et al.,
2013). Increased respiration rates have also been found in lugworms
(Arenicola marina) exposed to PLA, HDPE and PVC but the amount of
microplastics ingested was not reported (Green et al., 2016). In our
study we used polystyrene microbeads as in Cole et al. (2015) who were
also unable to detect a significant change in respiration rates in the
copepod Calanus helgolandicus. Generally, polystyrene is considered
more toxic than HDPE and PLA, but less than PVC based on their
chemical compositions (Lithner et al., 2011); however, impacts are not
solely dependent on the chemical composition of the plastic, but also
vary depending on numbers of microplastics ingested, the size and
shape, and condition of the microplastics (Bergmann et al., 2015).
Unlike our results, Costa et al. (2020), found that ephyrae exposed to
even low concentrations of microplastics experienced reduced mobility
and pulsation rates. Newly liberated ephyrae are, however, tiny
(1–2 mm diameter) and, therefore, potentially much more susceptible
to damage by microplastics than the much larger (3.5 cm diameter)
medusae in our experiment. The ephyrae were, however, resilient and
fully recovered once removed from the microplastic solution.

5. Conclusion

Medusae of the moon jellyfish, Aurelia aurita can capture and ingest
virgin polystyrene microbeads, albeit at low efficiency. The medusae,
however, did not retain the polystyrene microbeads within their gastric
structures and egested them within 8 h, indicating the ability to re-
cognise them as “non-food particles”. Moreover, microbead ingestion
had no significant impacts on A. aurita respiration rates and caused no
visible damage to the tissues of the gastric pouches. Virgin microbeads,
however, may be less harmful than other types of microplastics and
further experiments using secondary and aged microplastics are
needed. Moreover, because jellyfish have complex life cycles and are a
diverse group, studies on different stages of the life cycle (such as
polyps) and different species of jellyfish should be done to more fully
explore the impacts of microplastic pollution on medusae.
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(Hays et al., 2018). Jellyfish may be particularly susceptible to ingesting 
microplastics because they consume small particles and have high 
clearance rates. Thus, jellyfish could play an important role in incor-
porating and transferring microplastics within marine food webs. Five 
studies have reported plastic particles in the gastrovascular cavities of 
jellyfish sampled from marine environments (Avio et al., 2020; Iliff 
et al., 2020; Macali et al., 2018; Sucharitakul et al., 2021; Sun et al., 
2017) but it is unclear whether the jellyfish ingested the plastics directly 
or acquired them through trophic transfer. Two of these publications 
even suggested jellyfish as possible bioindicators for marine plastic 
pollution (Iliff et al., 2020; Macali and Bergami, 2020) but such claims 
may be premature because neither study confirmed whether the plastics 
in the jellyfish were representative of plastics in the water column. 
Recently, Costa et al. (2020b) demonstrated that ephyrae (juvenile 
medusae) of the jellyfish Aurelia sp. can indirectly ingest microbeads by 
consuming copepods (Tigriopus fulvus) that had already ingested 
microbeads. Their study, however, did not determine whether direct or 
indirect ingestion was the dominant method by which jellyfish acquired 
microplastics. 

Only four laboratory studies of microplastic ingestion by jellyfish 
have been published (Costa et al., 2020a; Costa et al., 2020b; Suchar-
itakul et al., 2020; Tarí Alcazo, 2019) and in all cases the methods used 
may have limited the translation of experimental results to the field. For 
example, all four laboratory studies offered jellyfish virgin microbeads 
that lacked biofilms. Given that jellyfish use chemoreceptors to identify 
food (Archdale et al., 2002), the lack of biofilms may have caused 
ingestion rates to be underestimated. We, therefore, aimed to investigate 
the effects of two factors that are likely to influence the ingestion rates of 
microbeads in Aurelia coerulea; 1) direct versus indirect ingestion via 
trophic transfer and 2) the influence of biofilms on ingestion rates of 
microbeads. We hypothesised that ephyrae would ingest and retain 
more microbeads via indirect ingestion (i.e. trophic transfer) than direct 
ingestion and that medusae would ingest more microbeads with biofilms 
than virgin microbeads. 

2. Materials and methods 

2.1. Experiment 1: direct versus indirect ingestion of microbeads 

Green, fluorescent polystyrene microbeads (5 μm; 467/526 nm 
excitation/emission) were purchased from Tianjin BaseLine ChromTech 
Research Centre, China. Polystyrene was selected for this experiment 
because it is one of the most common microplastic polymers found 
globally (Pabortsava and Lampitt, 2020; Shim et al., 2018) and biofilms 
can fully cover polystyrene microbeads within one week (Michels et al., 
2018). One milligram of microbeads was added to a glass beaker filled 
with 500 ml of natural 1 μm filtered seawater from the Gold Coast 
Broadwater. The beaker was aerated and exposed to a 12/12 h light/ 
dark cycle for 7 days to facilitate the formation of biofilms. The settings 
for the lamp (Ai Prime HD: 15W) were: ramp time 1 h, 100% UV, 100% 
Blue and 100% Deep Red. After 7 days, the aged microbeads were 
collected by vacuum filtration on to a 0.8 μm polycarbonate membrane 
and then immediately resuspended in 500 ml of filtered seawater. Aged 
microbeads were freshly prepared prior to each experiment. 

Approximately 20,000 Artemia nauplii (24 h post-hatch) were 
sampled from a stock culture of ~4000 individual ml− 1 (estimated using 
a Sedgewick Rafter Counting Chamber) and incubated in a glass beaker 
filled with 100 ml of filtered seawater containing 0.5 mg l− 1 of aged 
microbeads. The Artemia nauplii were harvested and separated from the 
microbeads after 3 h using a 35 μm nylon filter mesh sieve as it takes 3 h 
for 95% Artemia nauplii of this size to ingest microbeads (Batel et al., 
2016). The Artemia were washed thoroughly with filtered seawater and 
transferred to a beaker filled with 100 ml of 1 μm filtered seawater. A 
pilot study was used to quantify the number of microbeads ingested by 
the nauplii and to ensure that nauplii retained microbeads for the 
duration of the experiment (see Supplementary material, pilot study 1). 

Due to their size (~750 μm), Artemia nauplii ingest only small 
microbeads (1–20 μm); (Batel et al., 2016). Ephyrae were, therefore, 
used to test the trophic transfer hypothesis because the small microbeads 
transferred from the Artemia nauplii would be difficult to observe and 
quantify in larger adult medusae. Individual ephyrae (4.76 ± 0.14 mm) 
were assigned to each of 36, 50 ml beakers filled with 30 ml of filtered, 
aerated seawater and incubated at 21 ◦C in a water bath. The ephyrae 
were exposed to two treatments (18 replicates each): 1) 50 Artemia 
nauplii previously fed aged microbeads and 2) 0.2 μg l− 1 of aged 
microbeads. This concentration approximately equalled the total num-
ber of microbeads present in the guts of 50 Artemia nauplii (~70 beads 
per Artemia as determined from the pilot study; Supplementary material, 
Pilot study 1). After 0.5 h, each ephyra was transferred to a new beaker 
filled with 30 ml of filtered, aerated seawater. Since it takes an average 
of 1.44 h for Aurelia aurita sized 3.5–14.5 mm to fully digest 1–8 Artemia 
nauplii (Martinussen and Båmstedt, 1999) six ephyrae from each 
treatment were randomly sampled after 1.5 h, 2 h and 4 h to accurately 
count the amount of microbeads transferred from the Artemia to the 
ephyrae. Microbeads remaining in any undigested Artemia were not 
counted. Ephyrae were preserved in 10% formalin for quantification of 
microbeads. 

2.2. Experiment 2: ingestion rates of aged versus virgin microbeads 

Since photosynthetic microorganisms (e.g. microalgae) range from 
approximately 2–250 μm (Richmond and Hu, 2013), they would be 
unlikely to grow effectively on the small (5 μm) microbeads used in the 
first experiment. Hence, 100 μm microbeads and medusae (rather than 
ephyrae) were used in this experiment to investigate the influence of 
biofilms on ingestion rates. Polystyrene microbeads (2000 particle l− 1; 
100 μm; 467/526 nm excitation/emission) were purchased from Tianjin 
BaseLine ChromTech Research Centre, China. Microbeads were added to 
each of two glass beakers filled with 500 ml of aerated, natural seawater. 
One beaker was exposed to a 12:12 light:dark cycle (using the same lamp 
settings as for Experiment 1) for four weeks to facilitate growth of mixed 
biofilms composed of photosynthetic and heterotrophic microorganisms 
hereafter referred to as the “light incubation”. This method followed 
Michels et al. (2018) who demonstrated that microbeads exposed to a 
light, dark cycle were covered with biofilms composed of both bacteria 
and microalgae within a few days. The second beaker was maintained in 
constant darkness for four weeks to prevent the growth of photosyn-
thetic organisms within the biofilms hereafter referred to as the “dark 
incubation”. The aged microbeads from both treatments were vacuum 
filtered on to an 8 μm pore size polycarbonate membrane and immedi-
ately resuspended in 100 ml of filtered seawater. The aged microbeads 
were prepared immediately prior to the experiment. 

Medusae (30.0 ± 5.0 mm) of A. coerulea were cultured in the Griffith 
Sea Jellies Research Laboratory, Australia. Prior to the experiment, 
medusae were starved for 4 h to ensure their guts were evacuated 
(Martinussen and Båmstedt, 1999). Experiments were conducted using 
“bubble” kreisels containing 7 l of seawater (sensu Sucharitakul et al. 
(2020)). Individual medusae were randomly assigned to 12 kreisels with 
four kreisels randomly allocated to each of three treatments: 1) virgin 
microbeads (2000 particle l− 1) 2) microbeads from the light incubation 
(2000 particle l− 1) 3) microbeads from the dark incubation (2000 par-
ticle l− 1). A medusa from each treatment was randomly sampled 1, 4, 8 
and 16 h after exposure to the microbeads and preserved in 10% 
formalin for quantification of the microbeads in the gastrovascular 
cavities of the medusae. The experiment was repeated five times for a 
total of five replicates per time point per treatment. 

2.3. Quantification of ingested microbeads in ephyrae and medusae 

Ephyrae and medusae from both experiments were preserved for 
quantification of ingested microbeads in 10% formalin at room tem-
perature because formalin does not degrade microplastics and 
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preservation in formalin does not cause significant changes to micro-
plastic concentrations in the gut (Courtene-Jones et al., 2017; Loder and 
Gerdts, 2015). Moreover, formalin has been used in other studies of 
microplastic ingestion by jellyfish (Goswami et al., 2020; Sucharitakul 
et al., 2020; Sun et al., 2017). 10% formalin was purchased from Sigma- 
Aldrich Company (pH 6.9–7.10; density 1.080 g/cm3). Microbeads were 
quantified under a stereo microscope (Nikon SMZ 745T) using UV light 
to locate the fluorescent microbeads. Microbeads were considered 
ingested only if they were present in the gastrovascular cavities of 
ephyrae and medusae (i.e. those attached to tentacles, the exumbrella, 
sub-umbrella, oral arms and manubrium were excluded). 

2.4. Statistical analyses 

The number of microbeads in the guts of Artemia nauplii from 0 h and 
4 h time points in the pilot study of Experiment 1 was compared using 
independent t-tests. Assumptions of normality and homoscedasticity 
were tested using QQ plots and Levene's tests, respectively. Experiments 
1 and 2 were analysed using non-parametric two-way PERMANOVAs in 
PRIMER 7 because data from the experiments were non-normal. The 
factors for Experiment 1 were Treatment (two levels; microbeads 
ingested directly and indirectly (i.e. via Artemia)) and Time (three levels: 
1.5, 2 and 4 h). The factors for Experiment 2 were Treatment (three 
levels: virgin microbeads, and aged microbeads from the light and dark 
incubations, respectively) and Time (four levels: 1 h, 4 h, 8 h and 16 h). 

3. Results 

3.1. Experiment 1: direct versus indirect ingestion of microbeads 

The pilot study demonstrated that Artemia nauplii contained 70.8 ±
7.3 microbeads in their digestive tracts after 4 h. Ephyrae obtained 35 
times more microbeads by trophic transfer than through direct con-
sumption (Table 1; Fig. 1a–c; Supplementary material, Supplementary 
Fig. 1). Numbers of microbeads in the gastrovascular cavities of ephyrae 
fed with Artemia decreased over time and after 4 h only 22.8% of the 
microbeads ingested via trophic transfer remained in their guts. The 
small numbers of microbeads directly ingested by ephyrae were rapidly 
egested and no microbeads remained in the gastrovascular cavities of 
the ephyrae at the end of the experiment (Fig. 1c). 

3.2. Experiment 2: ingestion rates of aged versus virgin microbeads 

Medusae in all treatments ingested microbeads but the number of 
microbeads ingested varied among treatments and trends were not 
consistent through time (Table 2). Small numbers (mean < 5) of 
microbeads persisted throughout the experiment in the guts of medusae 
exposed to virgin microbeads and those exposed to microbeads from the 
light incubation (Table 2; Fig. 2a–c). At the four-hour time point, 
however, medusae exposed to microbeads from the light incubation 
contained approximately five times more microbeads than those in the 
other treatments (Fig. 2c). Thereafter, the numbers of microbeads in 
medusae exposed to microbeads from the light incubation decreased 
dramatically and 93% of microbeads were lost from the gut between the 
4 h time point and the end of the experiment (Fig. 2c). 

4. Discussion 

Studies of microplastics and jellyfish are in their infancy and our 
study sought to resolve two fundamental concepts. These included 
whether jellyfish predominantly accumulate microbeads through direct 
ingestion or by trophic transfer and whether jellyfish are more likely to 
ingest aged rather than virgin microbeads. We discovered that trophic 
transfer appears to be the dominant pathway by which ephyrae accu-
mulate microbeads and that medusae are more likely to ingest aged 
microbeads from the light, but not the dark incubations. This suggests 
that the likely presence of photosynthetic organisms in biofilms grown 
in the light incubation increased the palatability of the microbeads for 
the medusae. 

4.1. Trophic transfer of microbeads 

Ephyrae ingested 35 times more microbeads by trophic transfer than 
by direct consumption. This was despite the overall number microbeads 
available being similar and indicates that trophic transfer is probably the 
dominant mechanism by which ephyrae acquire microbeads. Trophic 
transfer was, however, a relatively inefficient process. Indeed, ephyrae 
captured only 1–5 of the 50 available Artemia nauplii, which provided 
approximately 70–350 microbeads to the ephyrae once the Artemia were 
digested. After 1.5 h, however, only 10–51% of the microbeads that 
were expected to be found in the Artemia were present in guts of the 
ephyrae and after 2 h, the concentration of microbeads had dramatically 
declined. This indicates that the ephyrae rapidly egested the microbeads 
that were transferred from their prey. Moreover, all microbeads directly 
ingested by ephyrae were egested by the end of experiment, highlighting 
that ephyrae, in general, can efficiently egest microbeads. Egestion of 
microplastics has been observed in many invertebrates (Chae and An, 
2020; Frydkjær et al., 2017; Gonçalves et al., 2019), including jellyfish 
medusae of the same species (Sucharitakul et al., 2020). By the end of 
this experiment (i.e. after 4 h), ephyrae had egested approximately 77% 
of the microbeads acquired by trophic transfer and all of the microbeads 
that had been directly ingested. Our observations are similar to those of 
Costa et al. (2020a) who observed that 1–4 μm diameter polyethylene 
microbeads were egested by ephyrae of an Aurelia sp. within 24 h (when 
exposed to a microbead concentration of 0.01 mgL− 1). Together, these 
studies, indicate that ephyrae efficiently egest microbeads regardless of 
whether they are directly ingested or acquired by trophic transfer. 

Jellyfish could be important vectors of microplastics in marine food 
webs as they are consumed by many other organisms (Hays et al., 2018), 
including endangered species such as turtles (Heaslip et al., 2012). The 
ephyrae, therefore, could promote dispersion of microplastics within 
marine food webs as the microbeads in the gastrovascular cavities of the 
ephyrae would also be transferred to the next trophic level, if they, in 
turn, were ingested by a predator. However, although jellyfish may 
introduce microplastics to higher order consumers, they ingested only 
small amounts of microplastics in the field (Albano et al., 2021; 
Sucharitakul et al., 2021) and rapidly egested microbeads in the lab 
(Sucharitakul et al., 2020). Thus, although jellyfish may introduce 
microplastics to marine food webs (Costa et al., 2020b), they may be a 
relatively insignificant pathway for transfer of microplastics to higher 
trophic levels. 

Our study expanded on the first study of trophic transfer of 
microbeads to jellyfish (Costa et al., 2020a, 2020b). Although that study 
demonstrated that microbeads were ingested by ephyrae of an Aurelia 
sp. via trophic transfer from copepods, the amount of microbeads 
ingested was not quantified. We have, therefore, advanced the initial 
work of Costa et al. (2020a, 2020b) by quantifying the amount of 
ingested microbeads and comparing the amount of microbeads acquired 
by trophic transfer and direct ingestion. This has enabled us to demon-
strate, for the first time, that trophic transfer is the major pathway by 
which the ephyrae of Auralia coerulea acquire microbeads. 

Table 1 
Results of two-way PERMANOVA analyses testing for differences between direct 
and indirect microbead ingestion and retention (Experiment 1). Df = degrees of 
freedom; MS = mean square.  

Source Df MS Pseudo F P 

Treatment  1  116.02  37.799  0.001 
Time  2  21.705  7.0715  0.003 
Treatment * Time  2  11.913  3.8814  0.021 
Residual  30  3.0693    
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4.2. Effects of biofilms on ingestion of microbeads 

Aged microbeads were hypothesised to increase ingestion rates by 
medusae as they are covered with biofilms of microorganisms that are 
likely to increase their palatability (Rummel et al., 2017). We observed 
that medusae ingested significantly more microbeads from the light 
incubation than virgin microbeads and those from the dark incubation. 
These results suggest that the increased palatability of microbeads from 
the light incubations was probably due to the presence of photosynthetic 
organisms that would have been prevented from growing in the biofilms 
from the dark incubations. This conclusion is supported by the study of 
Michels et al. (2018), who demonstrated that polystyrene microbeads 
incubated under a light/dark cycle akin to that used in this study were 
covered by mixed biofilms of microalgae and bacteria within a few days. 
Jellyfish possess chemoreceptors (Archdale and Anraku, 2005) and so 

we postulate that the chemical cues associated with the likely presence 
of photosynthetic organisms within the biofilms from the light in-
cubations elicited a feeding response by the medusae, resulting in a 
higher ingestion rate. Chemical cues associated with photosynthetic 
biofilms thus appear to be important in influencing microbead ingestion 
by medusae. This hypothesis is supported by studies of microplastic 
ingestion by other organisms. For example, DeMott (1988) demon-
strated that copepods ingested more than eight times more polystyrene 
microbeads that had a trace of microalgae than virgin microbeads and 
polystyrene microbeads with photosynthetic biofilms were ingested at 
higher rates by plutei of the echinoderm Paracentrotus lividus (Rassoul-
zadegan et al., 1984). Moreover, Steinke et al. (2006) observed that 
dimethyl sulfide (DMS), a chemical derived from dimethylsulfoniopro-
prionate (DMSP), which is accumulated as an osmoprotectant by some 
microalgae (Taylor and Visscher, 1996; Welsh, 2000), induced foraging 
behavior in copepods. Similarly, a recent study revealed that micro-
plastics with DMS induced 3-fold higher grazing rates by copepods than 
microplastics without DMS (Procter et al., 2019). Grazing zooplankton 
are also known to stimulate DMSP and DMS production rates (Yu et al., 
2020) and Yu et al. (2015) demonstrated that DMSP from microalgae 
can be transferred to tissues of the Harpacticus sp. copepod. Thus, 
potentially, DMS and/or DMSP could be chemical cues that induce a 
feeding response in jellyfish similar to those previously observed for 
DMS in zooplankton (Procter et al., 2019; Steinke et al., 2006). Conse-
quently, the presence of DMS/DMSP producing microalgae within the 
biofilms on the microbeads from the light incubation, may have 

Fig. 1. Artemia nauplius with ingested aged microbeads in its gastric tract (a), which were then transferred to the Aurelia coerulea ephyra (b). Mean (±SE) numbers of 
microbeads in the gastrovascular cavities of A. coerulea ephyrae (c). Bars with different letters represent significantly different results (P < 0.05). Red arrow: 
microbeads. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Results of two-way PERMANOVA of microbeads in the gut of medusae among 
treatments (Virgin microbeads, and aged microbeads from the light and dark 
incubations, respectively). Df = degrees of freedom; MS = mean square.  

Source Df MS Pseudo F P 

Treatment  2  161.87  14.55  0.0001 
Time  3  225.48  20.268  0.0001 
Treatment * Time  6  115.4  13.969  0.0001 
Residual  48  11.125    
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stimulated their ingestion by the jellyfish. Further studies, however, are 
needed to identify which specific chemical cues associated with biofilms 
are associated with increased palatability in jellyfish. 

Overall, our study indicates that medusae in the field may be more 
susceptible to ingesting microplastics than has been suggested by labo-
ratory studies using virgin microbeads, as microplastics in marine en-
vironments are colonised by biofilms, which in photic waters are likely 
to include photosynthetic organisms. We, therefore, encourage the use 
of aged microplastics with photosynthetic biofilms in experiments as 
they can potentially provide more realistic conclusions that would be 
more relevant to field situations. 

Since biofilms on the surface of microplastics vary, depending on 
location and season (Oberbeckmann et al., 2015; Zhang et al., 2021), it 
is possible that biofilms on microbeads of different studies would also 
vary and cause different results. Hence, it would be useful to identify 
microorganism communities on microbeads prior to exposure to or-
ganisms. In all studies (including ours), however, the species of micro-
organisms that formed the biofilms were not identified (DeMott, 1988; 
Rassoulzadegan et al., 1984; Vroom et al., 2017). Thus, future studies 
that use known species of microorganisms on the microbeads or studies 
that identify the microorganism communities colonising the microbeads 
are needed. Moreover, as jellyfish are a diverse group of metazoans, with 
multiple life stages, studies using aged microbeads across species and 
life stages of jellyfish are needed to reliably extrapolate results from 
laboratory experiments to the field. 

5. Conclusion 

This study revealed that trophic transfer is the main pathway by 
which microbeads are ingested by ephyrae of Aurelia coerulea and 
highlighted the importance of using aged microbeads in experiments. 
Moreover, although ephyrae and medusae rapidly egest microbeads, we 
hypothesise that they could also transfer some microplastics to higher 
trophic levels. As jellyfish are a diverse group of animals, future studies 
to measure ingestion rates and retention times of aged microbeads 
among different species of jellyfish and life cycle stages, and to identify 
the species of microorganisms on microbeads that induce ingestion are 
needed. 
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oceans (Eriksen et al., 2014). Rivers are estimated to deliver 88 95% of
both macroplastics (particles >5 mm) and microplastics (particles ≤5
mm) to the marine environment (Kershaw, 2015; Schmidt et al., 2017).
Microplastics are thus ubiquitous pollutants in rivers (Mendoza and
Balcer, 2019) estuaries (Leads and Weinstein, 2019) and coastal waters
(Pan et al., 2019).

Wastewater treatment plants (WWTPs) are a major sources of
microplastics (Alvim et al., 2020), because only 64 99% of microplastic
particles can be removed during treatment, depending on the influx
composition, type of wastewater treatment plant, and the sampling
and analysis techniques utilised (Habib et al., 2020). Indeed, treated
wastewater effluents can contain up to 1.5 particles L−1, and a city the
size of Sydney, Australia, with a population of approximately 4.9million
people, could discharge up to 460millionmicroplastic particles into the
ocean daily (Ziajahromi et al., 2017). Small microplastics (less than 1
mm; (Dümichen et al., 2015)) comprise most of the plastics released
from WWTPs globally (Magni et al., 2019; Simon et al., 2018;
Ziajahromi et al., 2017) as larger particles are more easily detected
and removed by skimming, grit removal and gravity separation within
WWTPs (Sun et al., 2019).

Microbeads and microfibres are the most common forms of
microplastics found in wastewater (Alvim et al., 2020). Although now
banned in some countries (Xanthos and Walker, 2017) and being vol
untarily phased out in others, such as Australia (Dauvergne, 2018),
microbeads have been commonly used in cosmetic products such as fa
cial cleansers and, therefore, are characteristic of domestic wastewaters
(Chang, 2015). Indeed, a single application of facial cleanser may result
in 229,000 microbeads entering domestic sewage (Guerranti et al.,
2019). Microfibres produced from textiles account for 91% of the
microplastics sampled globally (Barrows et al., 2018) and are the most
prevalent morphotype of microplastic in wastewaters (Alvim et al.,
2020) and aquatic environments (Barrows et al., 2018) although
Suaria et al. (2020) suggested that microfibers might be overestimated
as only 8.2% of microfibers sampled globally were synthetic. Polyester
sheds fibres when laundered and a single garment can generate more
than 1900 fibres per wash (Browne et al., 2011). Thus, domestic waste
water provides a pathway for bothmicrobeads andmicrofibres to enter
the environment and become available to aquatic organisms (Cesa et al.,
2017; Li et al., 2016).

Microplastics are readily ingested by marine animals and are listed
as a global conservation issue that could impact biological diversity
(Sutherland et al., 2010). More than 700 marine species have been re
ported to ingest marine debris (i.e. persistent, manufactured or proc
essed solid material) globally (Kühn and Van Franeker, 2020). Effects
of microplastic ingestion vary from no detectable effect in some species,
such as the sea urchin Tripneustes gratilla (Kaposi et al., 2014) to causing
mortality in other species, sometimes even at environmentally relevant
concentrations (Naidoo and Glassom, 2019).

Jellyfish may be a useful indicator organism for assessing the in
corporation of microplastics into marine food webs because they
capture small particles (e.g. zooplankton and fish eggs) from the
water column (Colin and Costello, 2002) and have high clearance
rates (Titelman and Hansson, 2006). Indeed, Macali and Bergami
(2020) suggested that jellyfish could be used as a bioindicator for
plastic pollution in the ocean because they have a cosmopolitan dis
tribution and occur in large numbers. Microplastics, therefore, would
be expected to be captured and ingested by jellyfish and may be
transferred to predators of jellyfish (Macali et al., 2018). Field sur
veys of microplastic ingestion by jellyfish, however, are preliminary
despite jellyfish being important components of marine food webs
(Hays et al., 2018). For example, only two field based studies (Sun
et al., 2017; Iliff et al., 2020) have examined microplastics in jellyfish
but neither of those studies compared themicroplastics in jellyfish to
those present in the surrounding environment. Hence, claims that
jellyfish are potentially useful bioindicators of microplastics are
premature, because bioindicators, by definition, should reflect the

conditions within their environment (Markert et al., 2003) but this
has not been established for jellyfish.

The ability of jellyfish to ingest microplastics, and the effects of
microplatics on jellyfish, have been investigated in laboratory studies.
For example, pulsation rates and mobility of ephyrae of the moon jelly
fish Aurelia sp. were reduced following ingestion of polyethylene
microbeads, but they egested the microbeads within 72 h and fully re
covered when transferred to uncontaminated seawater (Costa et al.,
2020a). Small medusae of Aurelia coerulea also captured and ingested
virgin polystyrene microbeads, but egested these within 6 h, with no
physiological or physical effects detected (Sucharitakul et al., 2020).
Microplastics in natural aquatic environments, however, may be
colonised by biofilms of microorganisms (Michels et al., 2018), and
are present in a variety of shapes and forms, which makes them
very different from the uniform microbeads used in these laboratory
experiments. Jellyfish, therefore, may be more likely to ingest aged
microplastics in the field than virgin microplastics in the laboratory.
Moreover, in the field jellyfishmay also accumulate microplastics via
trophic transfer, whereby they consume prey that have ingested
microplastics.

Our aims were to investigate whether discharged treated wastewa
ter was a determinant of microplastic concentration and composition in
anurbanised estuary, to quantify themicroplastics ingested bymedusae
in the field and to determine whether medusae selectively ingest
particular types of microplastics. We hypothesised that microplastic
concentrations immediately downstream of wastewater discharge
points would be higher than those elsewhere within an estuary, that
microplastic burdens in the guts of medusae would be greater at sites
receiving wastewater effluents and that the microplastics ingested by
medusae would not differ from those available in the water column.

2. Materials and methods

2.1. Study locations and sample collection

Water sampleswere collected in twoestuaries in southeastQueensland,
Australia: the Gold Coast Broadwater (Broadwater) and the Tweed
River. The Gold Coast Broadwater is connected to the Pacific Ocean by
the Seaway; a narrow (250 m wide) constructed channel (Dunn et al.,
2012). The Seaway provides ocean access for vessels and on the ebbing
tide is also used as a conduit to transport the region's treated wastewa
ter offshore (Kaminski et al., 2018). An average of 246,000million litres
of water is naturally discharged through Seaway daily (Mirfenderesk
and Tomlinson, 2007). Treated wastewater is released on outgoing
tides via fourteen diffusers located along the walls of the Seaway with
a combined daily outflow of approximately 110 million litres (Dunn
et al., 2012; Stuart et al., 2009). Consequently, treated wastewater
contributes less than 1% of the average daily water exchange through
the Seaway. The Tweed River estuary, located 33 km south of the
Broadwater, was chosen as a comparison location because its geogra
phy is similar to that of the Broadwater. Twelve million litres of treated
water is released daily via two wastewater diffusers into to a small
tributary of the Tweed River located 3.2 km upstream from the river
mouth (Tweed Shire Council, 2015). Whilst the Tweed River was not
a strict control, we would expect almost an order of magnitude less
microplastics to be discharged via wastewater to the Tweed River estu
ary than the Gold Coast Broadwater.

Four sites were sampled in each of the two estuaries; two sites were
located at the estuarymouth (in the Broadwater these sites werewithin
50m downstream of the diffusers) and another two sites were sampled
1 3 km upstream of the estuary mouths. Five replicate seawater sam
ples were collected at each site on the outgoing tide coinciding with
the period of wastewater discharge. The Gold Coast Broadwater was
sampled on 29th November 2019 and the Tweed River estuary was
sampled on 5th December 2019. No significant rain fell between the
two sampling dates.
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Replicates consisted of 30 L of seawater collected from along the
sides of the estuaries at 30 cm below the surface using a portable inline
pump (1080 L h−1). In the sites at Seaway, the water was sampled
within the visible plume of wastewater that was being released from
the diffusers. The nozzle of the pump was fitted with 1 × 1 mm filter
mesh to exclude large microplastics and debris as we aimed to collect
small microplastics (≤ 1mm),which comprisemost of themicroplastics
discharged in treated wastewater globally (Dümichen et al., 2015).
Microplastics were extracted on site by filtering water samples through
a 30 μm nylon plankton mesh. The plankton mesh from each sample
was retained and sealed within a sterile petri dish.

Ten medusae (bell size 45 146 mm) of Chrysaora cf. pentostoma
(Scyphozoa: Semaeostomeae) Morandini and Marques (2010) were
collected at one upstream and one downstream site in the Broadwater
and at one upstream site in Tweed River estuary (30 medusae in
total). Medusae were absent at the remaining sites. The medusae were
preserved by immediately submerging them in a bucket containing a
10% formaldehyde, as formaldehyde does not degrade microplastics
andpreservation in formaldehyde does not cause any significant change
to numbers of microplastics in the gut (Courtene Jones et al., 2017;
Löder and Gerdts, 2015). Moreover, formaldehyde is commonly used
to preserve medusae for studies of microplastic ingestion (Goswami
et al., 2020; Sucharitakul et al., 2020; Sun et al., 2017).

2.2. Processing of microplastics

In the laboratory, the inorganic and organic particles collected
from the water samples were removed from the plankton mesh by
rinsing with MilliQ water and placed in a beaker. Organic particles
were removed by digestion with 200 mL of 30% H2O2 at 60 o C for
72 h with the beakers covered with aluminum foil to avoid contam
ination. H2O2 is the most common chemical used to digest organic
material in microplastic studies (Zarfl, 2019), as most plastics in
the environment are resistant to digestion and 30% H2O2 efficiently
digests organic particles smaller than 1 mm (Erni Cassola et al.,
2017). Following digestion, small microplastic particles were
collected on 0.2 μm pore size polycarbonate membrane filters by
vacuum filtration and sealed within sterilised petri dishes for
microplastic characterization.

The maximum bell diameters of the collected medusae were mea
sured. The gut tissues were gently excised, submerged in 300 mL of
30% H2O2 in a glass beaker, covered with aluminum foil and incubated
at 60 o C for seven days to remove organic material. Inorganic material
was collected and stored as per the water samples.

To ensure sampleswere not contaminated bymicroplastics from the
clothing of the personnel, only cotton garments were worn during col
lection and processing of the samples. Samples were processed in a
fume hood and procedural controls were used to ensure that samples
were not contaminated with airborne microplastics. The field control
consisted of a planktonmesh being removed from its storage container,
placed in a petri dish and sealed at each field site prior to water sam
pling. The control plankton mesh for each site was rinsed with MilliQ
water and the sample processed as per other water samples. To assess
potential contamination during laboratory processing of medusae,
three beakers filledwith 50mL 0.2 μm filteredMilliQwaterwere placed
within the fume hood throughout the processing period. After all sam
ples had been processed, 200 mL of 30% H2O2 was also added to each
beaker, whichwere then processed in the sameway as beakers contain
ing jellyfish tissue.

2.3. Identification and characterization of microplastics

Microplastics were distinguished from residual detritus using the
criteria of Nor and Obbard (2014), and were counted, measured and
classified by their shape (fragment, sphere or fibre) and colour under
a compound and/or stereo microscope. The particles were categorised

by size as small (<50 μm), medium (50 100 μm) or large (>100 μm).
The composition of the polymers was determined using 514 nm laser
Raman spectroscopy in the range of 100 3500 cm−1 as per Araujo
et al. (2018). The Raman spectra were compared to a polymer library
using Renishaw WiRE (Windows based Raman Environment) to iden
tify polymer type. Unidentified particles were those whose spectra did
not match any of the polymers in the library, but contained synthetic
polymer spectra such as poly(ethylene glycol) monooleate or particles
that were fluorescent, which compromises identification and is a
major source of poor Raman results (Lenz et al., 2015).

2.4. Statistical analyses

The numbers of microplastics in the water samples were
standardised to particle L−1 and compared using a three way nested
ANOVA. The factors were Estuary (a fixed factor with two levels:
Broadwater and Tweed River), Position (a fixed factor with two levels:
upstream and downstream) and Site (a random factor with two levels
and nested within Position and Estuary).

The amount of microplastics in the gut of each medusa (number
individual−1) was compared among the three sites where jellyfish oc
curred at the time sampled (one site in the upstream and downstream
positions in Gold Coast Broadwater and an upstream site of Tweed
River) using a one way ANOVA. Assumptions of normality and homo
scedasticity were tested prior to conducting ANOVAs using QQ plots
and Levene's tests, respectively. A Pearson correlation was used to de
termine the relationship between numbers of microplastics ingested
and the bell diameters of the medusae.

Three way PERMANOVAs (Permutational Multivariate Analysis of
Variance) were used to compare the composition of microplastics in
the water samples. The factors were Estuary (two levels: Broadwater
and Tweed River) Position (two levels: upstream and downstream)
and Site (two levels and nested in Position and Estuary). Separate
PERMANOVAswere done to test for differences in the colours and poly
mer types of microplastics. SIMPER (Similarity of Percentages) analyses
were used to identify which colours and types of microplastics contrib
uted most to the dissimilarity in ingested microplastics among sites. A
principal coordinates ordination (PCO)was used to visualise the colours
and types of microplastics in the water samples. All multivariate analy
ses were done using square root transformed data and similarity matri
ces based on Euclidean distances.

Selectivity indices (C) for colours and types of polymers ingested by
medusae were calculated following Pearre Jr. (1982) to assess whether
medusae selectively ingested microplastics based on colour or polymer
type. This selectivity index is commonly used tomeasure feeding selec
tion by jellyfish (Graham and Kroutil, 2001; Purcell and Sturdevant,
2001; Sullivan et al., 1997; Zeman et al., 2016). The selectivity index cal
culation consisted of 2 steps. A 2 × 2 contingency table and X2 were cal
culated in thefirst step to testwhether therewas a significant difference
between each colour and polymer type and their distribution in the sur
rounding water as follows:

x2
n adbe−bdaej j− n

2

� �2
abde

where ad and ae are numbers of an individual colour or polymer type in
the gut and in surrounding water respectively; bd and be are the sum of
the remaining colours or polymer types in the gut and in surrounding
water respectively; n is the sum of all microplastics (i.e. n = ad + ae +
bd+be). X2was calculated for eachmedusa at each site using the average
of the five surroundingwater samples collected at each site. If the X2 was
significant (degree of freedom = 1; p < 0.05), the selectivity index
(C) was then calculated by the following equation:

C � x2

n

r
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The selectivity index (C) (Pearre Jr, 1982) was used to indicate
whether the medusa selected for or against the polymer type/colour,
with values ranging from −1 to 1. Values <0 indicated negative selec
tion for the colour or polymer type, 0 indicated no selection and > 0 in
dicated positive selection for the colour or polymer type.

3. Results

3.1. Concentration and composition of microplastics in the Broadwater and
Tweed River

Microplastics occurred in all water samples. Microfibres were the
most common morphotype of microplastic in both the Gold Coast
Broadwater (89%) and Tweed River estuary (94%; Fig. 1a). Raman spec
troscopy confirmed the identity of approximately 26% of microplastics
in both estuaries. Seven polymer types were identified including poly
propylene (PP; 29% of identified microplastics in the Tweed River and
24.5% in the Broadwater), polyethylene terephthalate (PET or polyester;
29% of identified microplastics in the Tweed River and 30.9% in the
Broadwater), polyvinyl chloride (PVC; 20.6% of identified microplastics
in the TweedRiver and 34.6% in theBroadwater), poly vinyl chloride co
vinyl acetate co vinyl alcohol (PVCAA; 3% of identified microplastics in
the Broadwater), Nylon (10.6% of identified microplastic in the Tweed
River), polyphenylsulfone (PPSU; 3.2% of identified microplastics in
the Tweed River and 7% in the Broadwater) and polystyrene (PS; 7.6%
of identified microplastics in the Tweed River) (Fig. 1b). Overall, most
microplastics sampled from both estuaries exceeded 100 μm (Fig. 1c)
and black, blue, green and transparent microplastics were most com
mon (Fig. 1d).

Concentrations of microplastics varied between estuaries and sites
within estuaries but not between upstream and downstream positions
(Table 1). Higher concentrations of microplastics occurred in the Gold
Coast Broadwater (2.70± 0.11 particle L−1) than the Tweed River estu
ary (1.74 ± 0.11 particle L−1). Importantly, microplastics were not
more concentrated in water samples taken immediately downstream
of the treated wastewater diffusers and those from distant (upstream)
sites in the Broadwater and we found no evidence that wastewater
was a major source of microplastics. Similarly, there were no significant

differences in the colour or polymer composition of the microplastics
between the sites adjacent to and distant from the wastewater releases
in the Broadwater. The composition of polymers varied between estuar
ies and sites butwere similarwithin positions (Table 2; Fig. 2a). Uniden
tified particles contributed 95.31% to the dissimilarity between
estuaries, with unidentified particles being slightly more prevalent in
the Broadwater (76%) than Tweed (72%). Colours of microplastics also
differed between estuaries, but were similar among positions and sites
(Table 2; Fig. 2b). Black, transparent and green microplastics each con
tributed approximately 25% to the dissimilarity between estuaries. The
most prevalent microplastic colour was black in both estuaries, which
accounted for over 22% of the total microplastics, followed by blue for
the Tweed River estuary and green for the Gold Coast Broadwater.

3.2. Ingested microplastics in Chrysaora pentastoma medusae

Medusae were only present and collected at one upstream and one
downstream site in the Gold Coast Broadwater and at one upstream
site of the Tweed River estuary. No macroplastics were observed in
any medusa, however, 83% of all medusae collected contained at least
one microplastic particle in their gut. The average amount of
microplastics individual−1 did not differ among sites (3.1 ± 0.6
particles; F (2.29) = 0.239, p = 0.789). Sizes of medusae ranged from
45 to 146 mm but there was no significant correlation between
numbers of ingestedmicroplastics and the bell diameters of themedusa
(p = 0.439).

Fig. 1. Mean (±SE) microplastic concentrations in water samples among positions characterized by morphotype, size (μm), polymer type and colour. TRU and TRD = Tweed River
Upstream and downstream positions respectively, GCBU and GCBD are Gold Coast Broadwater Upstream and Downstream positions.

Table 1
Results of 3-way ANOVA of microplastic concentrations among Estuaries (GCB and TR),
Positions (Upstream and Downstream) and Sites. Df = degrees of freedom; MS= mean
square; F_F statistic.

Source 3 - way ANOVA

df MS F Sig

Estuary 1 9.216 14.594 0.019
Position 1 3.325 5.266 0.083
Estuary*Position 1 0.005 0.009 0.930
Site (Estuary * Position) 4 0.632 4.778 0.004
Residual 32 0.132
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The composition of microplastics in the guts of C. pentostomamedu
sae differed to those in the surrounding water. The medusae primarily
ingested microfibres larger than 100 μm (Fig. 3a and 3b). More than
half (56%) of the particles ingested by the medusae were identified as

four polymer types; PET (59.7%), PP (26.9%), Polytetrafluoroethylene
(PTFE) (9.6%), PVC (3.8%) (Fig. 3c). Among these four identified poly
mers, PTFE was the only polymer that did not occur in the water sam
ples (Fig. 1b). The Pearre's selectivity index (C) indicated that 20% of
medusae selected PP and 10% selected PET in the upstream site of the
Broadwater but 10% of the medusae selected against PP and PET at the
downstream site of the Broadwater. In the upstream site of the Tweed
River, 30% of medusae selected against PP whilst 10% of the medusae
showed both positive and negative selections for/against PET (Supple
mentary Tables 1). On average, themedusae showed inconsistent selec
tion for both PP and PET among sites (Fig. 4).

The colours of microplastics ingested were inconsistent, with differ
ent colours being dominant in the guts of medusae at different sites
(Fig. 3d). The Pearre's selectivity index (C) indicated that up to 40%,
30% and 60% of the medusae selected against red, black and white col
ours across all sites, but 10% of the medusae from a downstream site
of the Broadwater and the upstream site of the Tweed selected for
blue and transparent microplastics (Supplementary Tables 2). On aver
age, medusae showed a consistent selection against red, black, white

Table 2
Results of 3-way PERMANOVA analyses of polymer types and colours of microplastics in
water samples. Df = degrees of fr.

Variable Source Df MS Pseudo F P

Polymer type Estuary 1 49.533 8.927 0.038
Position 1 22.112 3.985 0.11
Estuary*Position 1 5.162 0.930 0.494
Site (Estuary*Position) 4 5.458 2.449 0.008
Residual 32 2.2649

Colour Estuary 1 2416.2 18.18 0.034
Position 1 538.25 4.05 0.162
Estuary*Position 1 139.15 1.047 0.383
Site (Estuary*Position) 4 132.9 1.459 0.12
Residual 32 91.05

Fig. 2. PCO plots of themicroplastics in thewater column based on a) polymer type and b) colour. TRU=TRUpstream (Δ); TRD=TRDownstream (∇); GCBU=GCBUpstream (▲); GCBD=
GCB Downstream (wastewater release point) (▼) positions.

Fig. 3.Mean (±SE)microplastic concentrations in the guts ofmedusae characterized bymorphotype, size (μm), polymer type and colour collected at the TR Upstream (TR), GCBUpstream
(GCBU) and the GCB Downstream (GCBD) positions.
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that in the Tweed River (Hitchcock and Mitrovic, 2019). These results
highlight that although densely populated estuaries tend to have higher
concentrations of microplastics, there is no direct relationship between
population density andmicroplastic concentrations. Indeed, a linear rela
tionship between population density and microplastic concentrations
should not be expected as the concentration of microplastics in estuaries
is influenced bymultiple factors, including tidal regime, water residence
time (Vendel et al., 2017), the amount of plastics used in the region and
management of waste (Jambeck et al., 2015).

Reliably determining the source of microplastics is challenging be
cause microplastics are notoriously difficult to identify. Indeed, Raman
spectroscopy could only match about 20% of particles analysed in our
study with those in the library. Most studies report difficulties in identi
fying the composition of microplastics and large proportions (>65%) of
particles usually remain unidentified (Ballent et al., 2016; Collard et al.,
2015; Watkins et al., 2019). The difficulties in polymer identification
come from signalweakness, thefluorescent properties of some particles
(Araujo et al., 2018) and the limited spectral library (Munno et al.,
2020). Studies to enhance the spectral library and to advance the iden
tification technology are needed to improve identification of the plastics
found in aquatic environments.

5. Microplastics ingested by medusae

Jellyfish have been proposed as bioindicators for marine plastic pollu
tion because they are often abundant, are suspension feeders and their
distributions are likely to be influenced by oceanographic features that
may also act to concentrate plastic particles (Macali and Bergami, 2020).
Our study demonstrated, however, that C. pentastomamedusae are poor
bioindicators because they did not meet the criterion that bioindicators
must reflect the concentration of the contaminant in their environment
(Markert et al., 2003). Indeed, C. pentastoma contained relatively few
microplastics and approximately 20% of medusae contained no
microplastics despite microplastics being readily available in the estuar
ies. Similar observations have been made on other species of medusae;
only 77% of Cassiopea xamachanamedusae in Florida estuaries contained
microplastics (although the study did not confirm whether the
microplastics were ingested because the entire medusae were digested)
(Iliff et al., 2020) and 51% 53% of the unidentified medusae collected
from the South China Sea ingested microplastics (Sun et al., 2017). The
types and colours of microplastics selected by C. pentastoma medusae
also varied among sites and did not reflect those in the water column.
For example, some medusae selected PP and PET microplastics even
though PVC was the most prevalent polymer type in the surrounding
water and others selected against PP and PET. Similarly, some medusae
selected against blackmicroplastics even thoughblackwas themost com
mon colour of microplastic. Importantly, some polytetrafluoroethylene
(PTFE) particles were observed in medusae collected in the Broadwater,
despite PTFEnot being detected among themicroplastics in the surround
ing seawater. PTFE, however, is a very high density plastic (2.10 2.30
g/cm3), which sinks as it is denser than seawater (Driedger et al., 2015).
Since we sampled microplastics only in the top 30 cm of the water col
umn, it is possible that the medusae ingested the PTFE in deeper waters
or during a sediment resuspension event. The spectrum of polymer
types and colours of microplastics found in the medusae, therefore, did
not represent those present in the water column and the inconsistent se
lection of particles may be a consequence of the relatively small numbers
of microplastics ingested. Medusae also present other challenges that
make them unreliable bioindicators. For example, although they are
often very abundant, they occur seasonally, and are highly mobile and
patchily distributed and so may not be available when specific locations
or times need to be sampled. Hence, although C. Pentastomamay broadly
indicate the presence of microplastics, they are not a reliable bioindicator
of microplastic pollution in their environment.

Many organisms appear to selectively ingest microplastics. For ex
ample, 90% of microplastics ingested by the freshwater shrimp Paratya

australiensis were blue despite blue microplastics accounting for only
~45% of themicroplastics present (Nan et al., 2020). Similarly, zooplank
ton such as euphausiids and copepods ingest various colours of
microplastics, but black, blue and red particles are preferentially
ingested (Botterell et al., 2019). Microplastics of these specific colours
may be attractive to, and preferentially ingested by predators as they
more closely resemble the colour of natural prey items and thereby in
duce a feeding response (Wright et al., 2013). C. pentostoma medusae,
however, are tactile predators that lack complex eyes and cannot per
ceive colour. The selective ingestion of particular colours of particles ob
served in our study, therefore, cannot be explained by medusa
themselves selecting for or against certain colours.

The preferential ingestion of colours or types of microplastics by
the medusae may have arisen due to trophic transfer, whereby at
least some of the particles present in the guts of the medusae re
sulted from selective ingestion of microplastics by the medusae's
prey. Trophic transfer of microplastics has been observed between
Atlantic mackerel and gray seals in the field (Nelms et al., 2018)
and between mussels and crabs in the laboratory (Farrell and
Nelson, 2013). Indeed, trophic transfer of microplastics has been re
ported for jellyfish in a laboratory setting (Costa et al., 2020b) but
whether jellyfish mainly ingest microplastics via direct or indirect
ingestion (e.g. trophic transfer) is unknown. However, planktonic
organisms such as copepods, crustaceans and fish larvae, which
are food items for jellyfish, primarily ingest black, blue and red
coloured microplastics (Cole et al., 2014; Desforges et al., 2015;
Pazos et al., 2018; Steer et al., 2017). It is, therefore, possible that
the selectivity of polymers and colours of microplastics observed
in the digestive tracts of medusae in this study was at least partially
due to selective ingestion of these microplastics by organisms that
formed their prey. Experiments are needed, however, to confirm
trophic transfer of microplastics to jellyfish and to determine to
what degree microplastic ingestion in jellyfish depends upon tro
phic transfer versus direct capture of particles from the surrounding
water.

6. Conclusion

Discharged treated wastewater effluent has been proposed as a
major source of microplastic pollution in aquatic environments,
and jellyfish have been proposed as bioindicators for plastic pollu
tion. This study, however, was unable to detect any effect of treated
wastewater discharges on microplastic concentrations in the re
ceiving water and seriously questions the utility of jellyfish as
bioindicators of microplastic pollution, as despite the relatively
high microplastic concentrations in these urbanised systems, they
ingested only small numbers of microplastics on average and
many individuals ingested no microplastic at all. Additionally, the
polymer types and colours of microplastics ingested did not reflect
those available in the environment. Our results also highlight that
trophic transfer may be another pathway for microplastic ingestion
in jellyfish. Further studies to investigate trophic transfer of
microplastic in the jellyfish food web are needed.
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Microplastic ingestion by jellyfish 

 Jellyfish are hypothesised to ingest microplastics because they have high clearance 

rates (Titelman and Hansson, 2006) and feed on small particles (Shoji et al., 2009). 

Microplastics have been observed in the guts of medusae of several species (Albano et al., 

2021; Rapp et al., 2021; Sun et al., 2017) but not all individual jellyfish in all studies 

contained microplastics, indicating that jellyfish might have low capture efficiency for 

microplastics. Indeed, low capture efficiencies were demonstrated in this thesis through both 

laboratory experiments (Chapter 2 and Chapter 3) and a field-based study (Chapter 4). My 

laboratory experiments demonstrated that two different life stages; ephyrae and medusae, of 

the moon jellyfish Aurelia coerulea ingested relatively few microbeads (less than 0.2% of 

microbeads available in the surrounding water) and egested all microbeads within eight hours 

(Chapter 2 and Chapter 3). In addition, Chapter 4 highlighted that microplastics were absent 

in 17% of tiger sea nettles Chrysaora cf pentostoma despite high concentrations of the 

microplastics in the water (Chapter 4). Jellyfish, therefore, are not prone to accumulating 

large amounts of microplastics. 
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Effects of microbead ingestion on jellyfish 

Ingestion of microbeads appears to have limited impacts on Aurelia spp. I found that 

microbeads did not cause physical or physiological harm to the medusae (Chapter 2) and 

Costa et al. (2020a) similarly observed that although ephyrae of Aurelia sp. exposed to 

microbeads were immobilised, they fully recovered within 0.5 h in uncontaminated seawater 

and egested all microbeads within 48 h at low concentration (0.01 mg L-1). Although my 

findings reflect that the ingestion of virgin microbeads has limited impact on Aurelia spp, 

results from this thesis should not be applied to jellyfish in general as all studies have only 

investigated acute effects and have used Aurelia spp., which is a widely distributed and easy-

to-culture jellyfish. Thus, they are resilient and tolerant to environmental changes. Moreover, 

effects of microplastic ingestion can sometimes be species specific. For example, exposure 

of scleractinian corals Pocillopora verrucosa to high density polyethylene microbeads 

caused bleaching and tissue necrosis while Porites lutea was unaffected by the exposure 

(Reichert et al., 2019). Microplastic ingestion, therefore, might yield different results from 

less resilient and hard-to-culture species such as Carybdea xaymacana and Craspedacusta 

sowerbii. 
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Importance of biofilms 

 All jellyfish studies on microplastics impacts have used virgin in their experiments 

although microplastics in the environment are rapidly covered by biofilms (Michels et al., 

2018). This thesis, therefore, has advanced microplastic studies by providing the first 

evidence that photosynthetic biofilms, rather than heterotrophic biofilms, increase 

palatability of microbeads, resulting in more microbeads being ingested by Aurelia coerulea 

medusae (Chapter 3). I hypothesised that a chemical derived from photosynthetic 

microorganisms, possibly dimethyl sulfide (DMS), induced higher ingestion as observed in 

copepods (Procter et al., 2019). Importantly, my findings emphasise that the use of virgin 

microplastics may not only be unrealistic but also may underestimate ingestion rates in the 

field. Hence, I encourage the use of aged microplastics with photosynthetic biofilms to 

provide results that can be more realistically translated to the field.  

  

Trophic transfer of microplastics 

Jellyfish play important role as predators and prey in marine food webs. They are 

voracious predators that feed on small particles such as crustaceans, ichthyoplanktons and 

zooplanktons (Purcell and Sturdevant, 2001; Titelman and Hansson, 2006). Jellyfish, 

therefore, can potentially acquire microplastics via trophic transfer. In Chapter 4, I 

hypothesised that trophic transfer might partly explain the positive selection for specific 

colours of microplastics by tiger sea nettles Chrysaora cf. pentostoma. Indeed, copepods, 

crustaceans and fish larvae, which are consumed by jellyfish, primarily ingest black, blue 

and red coloured microplastics (Cole et al., 2014; Desforges et al., 2015; Pazos et al., 2018; 

Steer et al., 2017). The medusae, therefore, might acquire specific types of microplastics by 
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ingesting prey that have actively selected particular colours or types of microplastics. 

Although Costa et al. (2020b) demonstrated that ephyrae of the moon jellyfish Aurelia sp. 

can ingest microbeads via trophic transfer, no experiments had determine whether ephyrae 

primarily acquire microbeads via direct ingestion or trophic transfer. Moreover, Costa et al. 

(2020b) did not measure the quantity of microbeads transferred or the retention time of the 

microbeads. Thus, I advanced on their study by demonstrating that ephyrae of the moon 

jellyfish mainly accumulate microbeads via trophic transfer and measuring the egestion rates 

of the microbeads over time (Chapter 3). My experimental results are consistent with the 

thesis that C. pentostoma have selectively acquired some microplastics via their prey. 

Jellyfish are claimed to be a vector of plastics in the marine food webs (Hays et al., 

2018; Macali et al., 2018). As jellyfish are important food sources for many marine organisms 

(Hays et al., 2018), they might transfer plastics to their predators and adversely impact some 

of their consumers. My results, however, indicate that jellyfish may have an insignificant role 

in transferring microplastics in the marine food webs. Firstly, all experiments demonstrated 

that both ephyrae and medusae of Aurelia coerulea ingested small amounts of microbeads 

despite relatively high concentrations being offered in the experiments (Chapter 2 and 

Chapter 3). The jellyfish also efficiently egested microbeads from their guts (Costa et al., 

2020a; Chapter 2; Chapter 3). These results suggested that the jellyfish may transfer few 

microplastics to the next trophic level. Moreover, no microbeads were present in the guts of 

medusae continuously exposed to microbeads for 32 h (Chapter 2). Presumably, the 

medusae may “learn” to reject the microbeads over time or the rate of egestion may exceed 

the rate of ingestion. Thus, although jellyfish in the field are continuously exposed to 

microplastics, low concentrations of microplastics are expected to occur in their guts. Indeed, 
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this is consistent with other studies that show that not all medusae collected in the field 

contained microplastics and only small numbers of microplastics were present in the gut of 

those which did (Albano et al., 2021; Iliff et al., 2020; Rapp et al., 2021; Sun et al., 2017; 

Chapter 4). Thus, this thesis provides evidence from both field and laboratory studies that 

ephyrae and medusae of jellyfish may not be significant sources of microplastics for higher 

trophic levels, although rigorous experiments should be done to confirm this. Importantly, 

although my findings support a claim that jellyfish can be a vector for plastic pollution, they 

are probably not a major vector. 
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Jellyfish as bioindicators of microplastic pollution  

 To be considered a good bioindicator, an organism should reflect the condition of its 

surroundings (Markert et al., 2003). My findings, however, suggested that Chrysaora 

pentastoma medusae were poor bioindicators for microplastic pollution as the microplastics 

they ingested did not consistently reflect the concentration or composition of the 

microplastics in the surrounding water (Chapter 4). Moreover, the absence of microplastics 

in a proportion of the population (approximately 17% of the medusae contained no 

microplastics) despite high concentration of microplastics in the water column further 

confirms that they are poor bioindicators.  

Other studies confirm that jellyfish are inconsistent in their acquisition of 

microplastics. For example, about 97% of Pelagia noctiluca collected from Gran Canaria 

Island contained microplastics (Rapp et al., 2021) while microplastics were absent in 93% of 

P. noctiluca collected from the Strait of Messina (Albano et al., 2021). Moreover, 

microplastics were absent in approximately 13% of Cassiopea xamachana medusae (Iliff et 

al., 2020). None of these observations, however, sampled microplastics in the surrounding 

water to investigate the concentration of microplastics and whether microplastics in the 

jellyfish were representative of those in the water column. The absence of microplastic in 

some individuals may have resulted from the low concentration of microplastics in their 

surrounding water. Hence the absence of microplastic in some individuals could not, alone, 

be used to disqualify the jellyfish in those studies as bioindicators for microplastics. Thus, to 

date, C. pentastoma medusae is the only species of jellyfish that can be confidently concluded 

as poor bioindicator for microplastics. The results, however, should not be generalised to the 

whole “jellyfish” community because jellyfish are diverse group of animals which vary in 
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life cycles, behaviour and trophic ecology. Hence, more studies among various groups of 

jellyfish are recommended before we can claim that “jellyfish” are poor bioindicators for 

microplastics.  

 

Treated wastewater as a source of microplastics in estuaries 

Wastewater treatment plants are claimed to be one of the most important sources of 

microplastics in the marine environment (Kazour et al., 2019). My findings, however, 

indicated that treated wastewater released in the Gold Coast Seaway had no significant effect 

on microplastic composition or concentrations of the receiving water. 

The insignificant effects of treated wastewater on the microplasitc concentrations in 

the Seaway might come from large dilution as volume of the treated wastewater comprises 

less than 1% of the average daily water exchange of the Seaway (Mirfenderesk and 

Tomlinson, 2007; Stuart et al., 2009). Moreover, the treated wastewater is released on the 

outgoing tide which facilitates the rapid export of microplastics out to sea. In addition, the 

uniformity of microplastic concentrations and composition across sites within both the Gold 

Coast Seaway and the Tweed River more likely indicated that microplastics in these systems 

were derived from a variety of sources other than predominantly from wastewater releases 

(Chapter 4). Dunn et al. (2012) similarly found insignificant effect of the wastewater on the 

concentration of nutrients or faecal indicator bacteria in the Seaway. My results also support 

findings from Kaminski et al. (2018) which suggested that the Seaway can flush nutrients 

from treated wastewater with the outgoing tide. Thus, this thesis provides more evidence that 

the tidally-staged wastewater release system in the Seaway is effective in preventing 

wastewater polluting the Gold Coast Broadwater. 
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Directions for future research 

 Despite relatively few studies of microplastics and jellyfish, several claims are 

becoming prominent in the literature, including the use of jellyfish as bioindicators (Iliff et 

al., 2020; Macali and Bergami, 2020; Rapp et al., 2021) and the possible role of jellyfish in 

acquiring and transferring microplastics in marine food webs via trophic transfer (Hays et 

al., 2018; Macali et al., 2018; Sun et al., 2017). My thesis, therefore, experimentally tested 

claims related to jellyfish and microplastics to better understand how jellyfish and 

microplastics may interact in the field.  

The environmental realism of experiments is vital for translating the results from the 

laboratory to the field. Although my study has highlighted that aged microbeads are more 

realistic than virgin microbeads and can influence ingestion rates, there are more factors that 

might impact ingestion rates. For example, all experiments on jellyfish and microplastics 

done so far have exposed jellyfish to microbeads in the absence of natural food sources. 

(Costa et al., 2020a; Chapter 2; Chapter 3) Jellyfish in the field, however, may ingest 

microplastics incidentally when they are feeding on their natural prey. Thus, an experiment 

to determine whether the presence of food affects ingestion rates of microbeads is suggested. 

In addition, the size discrepancy between microplastics used in experiments and the size of 

natural food items might result in low capture efficiency of microbeads by medusae and 

ephyrae in Chapter 2 and 3. Further studies that use microplastics at a size that more closely 

approximates that of the natural prey are needed to investigate whether sizes of microplastics 

affect ingestion rates. Moreover, many studies have used microplastic concentrations that 

greatly exceed concentrations reported in the field (Vázquez and Rahman, 2021). Thus, to 

make microplastic experiments more realistic, environmental concentrations should be used. 
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Ideally, experiments should use environmental concentrations of microplastics from the 

locality that the studied species occurs.  

 Microbeads are rare in the marine environments as microfibres are dominant (90%) 

morphotype of microplastic found globally (Suaria et al., 2020). Hence, using microbeads in 

experiments may be unrealistic. In addition, microbeads are being phased out or banned in 

some countries (Dauvergne, 2018; Xanthos and Walker, 2017). Thus, they might not 

represent microplastics in the environments. Most experiments have used microbeads in their 

studies because microbeads are industrially produced and can conveniently be purchased at 

desired sizes from manufacturers. Although Cole (2016) developed a method to prepare 

microfibres from polyamide, polyethylene terephthalate and polypropylene, the method was 

not suitable for helical and soft materials such as polyester thread that are widely used in 

textile industries. I suggest microplastics should be collected from natural waters or 

wastewaters to use in future experiments because the studies would have biofilms and natural 

distributions of morphotypes and polymers types. Moreover, unlike fragments and fibres, 

microbeads are possibly harmless due to their smooth surface. Studies that measure responses 

to microfibres and fragments, therefore, are warranted.     

 Different species of microorganisms that form biofilms might contribute to variable 

results. Indeed, aged microbeads with photosynthetic biofilms induced higher ingestion of 

microbeads than virgin microbeads and microbeads with heterotrophic biofilms (Chapter 3). 

The findings indicate that studies that have exposed jellyfish to virgin microbeads may have 

underestimated ingestion rates (Costa et al., 2020a; Chapter 2; Chapter 3). No studies of 

microplastic ingestion by jellyfish, however, have identified species of organisms that form 

biofilms on microplastics. Studies that identify biofilms (e.g. extract DNA from biofilms on 
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the microplastics and perform DNA sequencing) and use known species of biofilms are 

needed to accurately draw conclusions about how the studied organisms respond to specific 

types of biofilms. 

Microplastics accumulate chemicals from their surrounding environment (Mato et al., 

2001) and biofilms could enhance the sorption of chemicals on to microplastics (Rochman 

et al., 2014). Indeed, microplastics sorbed with toxic chemicals, e.g. Polychlorinated 

biphenyls (PCBs) and Dichloro-diphenyl-trichloroethane (DDT), have been collected from 

beaches and oceans globally (Hirai et al., 2011; Ogata et al., 2009). Microplastics may, 

therefore, act as a vector for chemicals through adsorption or absorption. Chemical such as 

pesticides and herbicides may become bioavailable to organisms when the microplastics are 

consumed. In addition, environmental conditions can alter the sorption ability of 

microplastics. For instance, Turner and Holmes (2015) suggested that weathered plastics are 

better vectors for metals than virgin plastics. Indeed, Rainieri et al. (2018) found that 

microplastics sorbed with chemicals such as polychlorinated biphenyl (PCB), brominated 

flame retardants (BFRs) and methylmercury caused significant vacuolization in liver tissue 

of zebra fish Danio rerio. No studies, however, have exposed jellyfish to microplastics 

sorbed with chemicals. This may be an important area of research because jellyfish occur in 

industrialised areas that have high levels of contaminants (Aljbour et al., 2018; Moon et al., 

2010). To test how jellyfish would respond to microplastics ingested from polluted areas, I 

propose the use of microbeads sorbed with chemicals such as pesticides and herbicides. For 

example, tests could be done using Maeotias marginate medusae which occur in Suisan 

Marsh, San Francisco Estuary (Schroeter et al., 2015) where insecticides such as bifenthrin, 

fipronil, imidacloprid, and chlorpyrifos are detected (Weston et al., 2015). I, therefore, 
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suggest that the medusae should be exposed to microbeads sorbed with insecticides and 

measure for impacts on the medusae such as respiration rates and metabolomic alterations. 

Finally, results from my studies have led to novel hypotheses such as whether a 

jellyfish would ingest higher amount of microplastics from treated wastewater than those 

that have not transited a wastewater treatment plant and whether smaller plastic sizes 

ingested in the field may have resulted from trophic transfer. The first hypothesis can be 

tested by comparing ingestion rates between the two treatments. In addition, measurement 

of physiological and physical responses can also be conducted to provide more data on 

whether the jellyfish would respond to the treatments differently. For the second 

hypothesis, prey of jellyfish in the field should also be collected together with their 

surrounding water to compare whether microplastics in the gut of the jellyfish correspond 

to microplastic compositions in the water and in the gut of the prey.  
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Conclusion 

 

Claims that jellyfish are susceptible to microplastic ingestion, that jellyfish 

accumulate microplastics via trophic transfer and that they can be used as bioindicators for 

marine plastic pollution have been made despite limited supporting evidence. This thesis, 

therefore, provides robust experimental evidence about these claims. I revealed that medusae 

and ephyrae of Aurelia coerulea have low capture efficiencies of microbeads and that 

microplastics may have limited adverse effects on jellyfish. Furthermore, for the first time in 

microplastic and jellyfish studies, I found that aged microbeads with photosynthetic biofilms 

were ingested at higher rates than virgin microbeads. These findings are important to 

microplastic studies as results from studies using virgin microbeads may be underestimated. 

In addition, I demonstrated that ephyrae of A. coerulea mainly acquired microplastics via 

trophic transfer and microbeads from trophic transfer were retained longer than those from 

direct ingestion. The results suggested that the ephyrae may disperse microplastics in marine 

food webs by consuming prey that are contaminated with microplastics and transferring those 

microplastics to the next trophic levels. My findings, however, are based on 5 µm 

microbeads. Thus, further studies, using microbeads that more accurately reflect the size of 

food particles normally ingested by jellyfish, are needed to investigate the primary pathway 

that jellyfish accumulate microplastics. Moreover, jellyfish might be insignificant sources of 

microplastics as jellyfish accumulated small amount of microplastics on average and not all 

individual of jellyfish in the field contained microplastics. Importantly, results from this 

thesis did not support claims that jellyfish can be used as bioindicator for marine plastic 

pollution. Hence, the use of jellyfish in monitoring for microplastics is not recommended. 
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Robust experiments, therefore, are needed to evaluate all claims about jellyfish and 

microplastics. 
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